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Abstract
Bacterial source tracking (BST) is a new science that aids in identifying sources of human
and animal fecal contamination of environmental water. There are currently two approaches used
in BST, library-dependent and library-independent methods. The fecal bacterium E. coli is often
used in library dependent methods because it indicates fecal contamination, has been used in
human health risk assessments, and has water quality regulatory significance. A disadvantage of
E. coli library dependent BST methods is that identification libraries of E. coli isolated from
known fecal sources are needed to identify the sources of E. coli isolated from water samples.
Further, development of an identification library for each watershed is impractical and expensive.
Due to the fact that E. coli is used by regulatory agencies to determine impairment of a watershed,
a quick and easy to perform detection method that differentiates human and animal specific E. coli
is desirable. The library independent methods are fast and relatively easy to perform. One library
independent method utilizes the polymerase chain reaction (PCR) to detect Bacteroidales bacterial
species for identifying sources of fecal pollution. Disadvantages include uncertain relationships to
regulated fecal indicator bacteria, human health risks, and a lack of standardized protocols. This
research will focus on the refinement of two BST tools: Bacteroidales PCR assays and evaluation
of enterobacterial repetitive intergenic consensus PCR (ERIC-PCR) gene targets for the
development of a library dependent E. coli BST method.
Several published source tracking studies have used Bacteroidales PCR assays with
favorable results. Although these studies showed tremendous promise for Bacteroidales PCR, this
same conclusion was not always obtained in other laboratories. In particular, amplification of nontarget animal groups has been observed, especially with the Bacteroidales PCR for ruminants and
less frequently for the human marker assay. For example, cross-reactivity in reactions with the
vi

ruminant marker and fecal specimens from hogs has been observed. Studies using the human
marker have also reported false positives with feces from wild animals, such as whitetail deer,
coyote, raccoons, badgers, porcupines, and rabbits.
To investigate some of these issues, the present research included the characterization of
PCR amplicons from animal fecal DNA which cross-reacted with the Bacteroidales PCR HF183
human marker. We also evaluated a modified swine Bacteroidales PCR method (PF163 marker)
to determine if a primer or probe could be developed to specifically identify fecal pollution from
feral hogs. Finally, to explore the possibility of developing an E. coli library independent method,
characteristics of PCR products from the library dependent enterobacterial repetitive intergenic
consensus PCR (ERIC-PCR) assay were characterized.
Results from the human HF183 cross-reactivity study and the PF163 feral hog study
revealed that real-time PCR (RT-PCR) and high resolution melt analysis (HRM) of PCR products
can be utilized to identify DNA sequence variation. DNA sequence analysis of HF183 human
marker amplicons from cross-reacting animal feces revealed that an alternative target may be
needed in some cases. Sequence analysis of the Bacteroidales PF163 swine marker amplicons
revealed that this marker is a reliable tool for identifying feral hog fecal pollution. Analysis of E.
coli ERIC-PCR amplicons revealed the presence of multiple priming sites; however, further
analysis of cloning and PCR screening protocols is needed. It was also observed that ERIC-PCR
yields highly reproducible results, making this a reliable method for fingerprinting bacterial
genomes.
The results from this project provide a better understanding of the molecular diversity of
Bacteroidales in wildlife populations, helped address cross-reactivity issues, and explored a unique
approach for development of a library independent E. coli method. Overall this research will help
make BST a more efficient and reliable tool for identifying sources of fecal pollution.
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Chapter 1: Introduction
1.1

BACKGROUND

One of the major environmental challenges we currently face is protection of our water
resources. Despite considerable advances in controlling pollution, we are still unable to control
pollution from diffuse, nonpoint sources. This type of pollution continues to be a widespread
problem because it can occur everywhere and under various conditions. Nonpoint source pollution
originates from rainfall or snowmelt moving over and through the ground (USEPA, 1995).
Movement of the runoff will pick up and carry away pollutants depositing them into various water
bodies which may subsequently be used for drinking, irrigation and recreation. For this reason, the
microbial quality of water and control of waterborne pathogens is critical for public health.
Concern for water quality and the potential for nonpoint source contamination have led to the need
for better tools to characterize these pollution sources.
1.2

IMPACT OF FECAL POLLUTION

Waterborne pathogens from fecal pollution are a primary public health concern around the
world (WHO, 2003). In Texas, the concern for water quality is a high priority and the condition of
the state’s surface waters are regularly assessed (TECQ, 2012). A report published by the Texas
Commission on Environmental Quality (TCEQ) describes the status of the State’s waters, as
mandated by the federal Clean Water Act, and states that there are 568 impaired water bodies in
Texas alone (TCEQ, 2012). This report summarizes the state’s surface waters based on concerns
for public health, fitness for use by aquatic species and other wildlife, and specific pollutants and
their possible sources. However, what is more worrisome is that most fecal pollution comes from
1

uncharacterized sources making control very difficult (Santo Domingo, 2007). The Clean Water
Act requires states to assess water bodies that have been impacted by non-point source pollution
and to devise remediation plans. But fecal pollution is still an issue not only because of storm water
runoff, weather conditions, agricultural, and forestry runoff but because of regulatory and policy
compliance by states. A study conducted by EPA (2011) revealed that some states have not
updated their nonpoint source (NPS) pollution plans since 2000. It is not required that states update
their NPS pollution plans, but not doing so makes it difficult to assess and improve remediation
plans. Also, states’ annual reports do not provide sufficient detail regarding activities performed for
improvement of water quality making it difficult to determine program success (USEPA, 2011).
This study reveals that fecal pollution of surface water is impacted not only by NPS pollution but
also how the states implement NPS control programs.
Several events can influence microbial water quality. Weather conditions, such as rainfall,
can lead to high levels of fecal pollution due to runoff (USEPA, 1995). Other sources that may lead
to elevated levels of pollutions are livestock (cattle, sheep, etc.), industrial processes, farming,
domestic animals (such as dogs) and wildlife (WHO, 2003). The quality of water is a concern
because contaminated water poses a serious public health threat especially water contaminated with
pathogenic microorganisms. The Merriam-Webster dictionary (2013) defines pathogens as disease
causing agents such as a virus, bacterium, or other microorganism. Individuals with infections from
contaminated water usually have mild diarrheal symptoms which make it difficult to trace sources
of infections through routine surveillance, mainly because infected individuals do not seek medical
care. It is also difficult to link water quality to illness even when it is quite severe (WHO, 2003).
There is continued concern regarding the potential for animal agricultural operations to
contaminate watersheds. The Clean Water Act (CWA) addresses microbial contamination of
2

surface water for drinking and recreational waters in the United States. Under the CWA, the
Environmental Protection Agency (EPA) has established pollution control programs and water
quality standards for biological, chemical and other contaminants in surface waters (USEPA, 2013).
Dumping or discharge of any pollutant into surface water is illegal without a permit and the
National Pollutant Discharge Elimination System (NPDES) controls the amount of point source
discharge into surface water (USEPA, 2009).
In the US, the need for identifying fecal sources of pollution is a priority to states,
territories, and authorized tribes in light of the federal requirements to develop and implement total
maximum daily loads (TMDLs) under the Clean Water Act (USEPA, 2001). TMDL’s determine
the maximum amount of pollution that can enter a water body and still allow the water body to meet
water quality standards. It provides a baseline for states to use when establishing water quality
based pollution controls (USEPA, 2001). The most common causes of water quality standard
exceedances are faulty septic tanks, livestock, and wildlife. Therefore, it is necessary to know
which nonpoint sources need to be controlled so that adequate policies and procedures can be
implemented. The Texas Surface Water Quality Standards and the Texas Inland Water Quality
Criteria were established to maintain and improve the quality of streams, rivers, lakes, and bays
throughout the state. These water quality standards (WQS) determine if surface waters are
habitable for aquatic life and if they can be used for recreation and sources of drinking water
(TCEQ, 2013).
Feces from humans and animals contain a multitude of microorganisms which are a primary
pollutant of surface water, for this reason indicator organisms are used to determine the presence or
absence of pathogenic organisms in a watershed. Indicator organisms are found in the feces of
humans and animals but are not dangerous to human health and therefore, are used to assess the
3

microbiological safety of drinking and recreational water (USEPA, 2000). Commonly used
indicator bacteria include coliforms, fecal coliforms and Escherichia coli (E. coli). The fecal
coliform bacterium E. coli which resides and multiplies in the environment is more closely
associated with fecal pollution (Anderson, 2005). Texas has been moving towards the use of E. coli
over fecal coliforms as the preferred standard for the past several years, also recreational WQS for
freshwater are based on the fecal indicator levels of E. coli. Many pathogens are not easily
detected; as a result, indicator organisms like E. coli are essential in monitoring water quality and
the potential presence of pathogenic organisms. Epidemiological studies demonstrated a correlation
between E. coli concentrations and rates of gastrointestinal illness among swimmers (Dick, 2010).
The USEPA also uses E. coli to determine water quality criteria. Current regulations from the
Texas Administrative Code state for primary contact recreation (freshwater) the geometric mean
criterion for E. coli is 126 per 100 ml. In addition, the single sample criterion for E. coli is 399 per
100 ml. The geometric mean criterion for fecal coliforms for primary contact recreation
(freshwater) is 200 per 100 ml, and the single sample criterion for fecal coliforms is 400 per 100 ml
(TCEQ, 2010).
MST frequently utilizes indicator bacteria, such as E. coli, to identify the sources of fecal
pollution and/or indicator organisms in water. Library dependent methods will use E. coli or fecal
enterococci, indicator bacteria, and differentiate them genotypically or phenothypically (USEPA,
2005). However, with these methods it is assumed that distribution of the indicator organism in
water is roughly proportional to population distribution in fecal samples (Anderson, 2005).
E. coli is a frequently used indicator because of its fecal specificity and its inability to
multiply in the environment. However, there are concerns that E. coli can multiply in water and
soil (Brennan, 2010). This poses a major challenge for researchers when determining contributing
4

sources of fecal pollution when utilizing source tracking methods. More importantly, determining
the risk to human health based on the concentration of indicator organisms in a watershed will be
much more difficult.
1.3

MICROBIAL INDICATORS OF FECAL POLLUTION

Due to the fact that most fecal pollution is from uncharacterized sources, identifying these
sources has become a priority for regulatory agencies. Microbial source tracking (MST) includes a
group of methodologies that identify and, in some cases, quantify dominant sources of fecal
pollution in water (Stoeckel, 2007). The analytical methods used for MST most commonly include
molecular analysis of genetic material (e.g., deoxyribonucleic acid [DNA] or ribonucleic acid
[RNA]) to determine which human or animal source contributed the bacteria or viruses observed in
the water sample (EPA, MST guide). Bacterial source tracking (BST) utilizes genetic and
phenotypic tests to identify bacterial strains that are host-specific so that the original host animal
and source of fecal pollution can be identified. Indicator bacteria such as E. coli and Enterococcus
spp. are used as the targets in source tracking because of the direct link with water quality
standards. (Gregory, 2012)
Several MST techniques have been developed and can be divided into two groups: library
dependent and library independent. Some of the library dependent strategies include, pulse field gel
electrophoresis (PFGE), ribotyping and multiple antibiotic resistance. These methods have been
used primarily with Escherichia coli and enterococci (Field and Samadpour, 2007). Librarydependent methods rely on isolation of target microorganisms and require creation of a reference
library of genotypic or phenotypic fingerprints for bacterial strains of known fecal sources (USEPA,
2005). Library-dependent methods have the advantage of being able to identify multiple sources
5

(e.g., human, pets, livestock, and wildlife) of indicator bacteria (e.g., E. coli or Enterococcus)
(USEPA, 2011). However, these methods generally are labor intensive and costly due to the effort
to develop watershed specific libraries.
Library independent methods identify sources based on known host-specific characteristics
of the bacteria or virus, without the need of a library. These methods have the advantage of being
simpler and quicker than library dependent methods. Library independent methods are also able to
sample an entire target microbial population present in a sample. Prior preparation of a library is
not needed because the markers based on DNA tests. One library independent method utilizes the
bacteria Bacteroidales, which is a difficult to culture organism but is a common gut bacteria.
Polymerase chain reaction (PCR) is a method in which chemical reactions occur in a test tube that
enables researchers to produce millions of copies of DNA (Nature Education, 2013). Combining
the use of Bacteroidales with PCR has led to a new approach in identifying sources of fecal
pollution using host-specific markers. With the Bacteroidales PCR markers there is no need for
culturing, the DNA in the samples is tested with each marker. The disadvantage is that the
prevalence of these markers is not 100% and therefore may not be present in every sample or
individual tested which would result in false negatives. Also there are only a few markers that are
currently available, with wildlife being the group that is poorly represented. Studies have shown
that wildlife is a significant contributor to fecal pollution of watersheds, especially in Texas
(Casarez, 2007b; Vogel, 2007). However, there is a lack of Bacteroidales host-specific markers
that target wildlife. Markers are currently available for hog, ruminant and horse; however, lack of
specificity has limited their use in source tracking. For example, the ruminant marker includes all
ruminants such as cattle and deer. While this is useful in identifying the presence of ruminant
sources the marker is too general. Also, there have been no studies conducted on development of a
6

feral hog marker. Feral hogs are a serious issue in Texas and across the United States. While a
swine marker is available it is unknown if this marker can detect feral hogs.

In addition, there are

questions regarding the host-specificity of the few indicators that are available (Field and
Samadpour, 2007).
Deciding which approach to use depends on the needs and objectives of the study (Figure
1). Both library dependent and independent approaches are useful in identifying bacterial sources
of pollution in impaired watersheds, however researchers should use their results carefully.
Traditional tools, such as fecal indicator bacteria and sanitary surveys, are still the standard used by
regulatory agencies when determining watershed impairment. Source tracking results are mainly
used to confirm the presence or absence of a particular source to gain an understanding of the
contributors to watershed pollution. To date source tracking methods lack the accuracy in
quantifying sources of pollution. But they can effectively identify sources that are likely
contributing more bacteria to a watershed and be used to prioritize management practices (USEPA,
2011).

7

Figure 1: Example of how MST studies can assist with decision-making when attempting to meet
water quality standards based on bacteria. (Santo Domingo, 2007).
8

1.4

HOST-SPECIFIC MARKERS

Due to the time-sensitive nature of regulation compliance researchers have developed hostspecific molecular markers of fecal contamination (Dick, 2010). As stated earlier, the most
commonly used method utilizes Bacteroidales which is a group of obligately anaerobic organisms
that represent the dominant bacteria of the large intestine in humans and many warm-blooded
animals (Dick, 2005). Their abundance in feces makes them an excellent indicator organism for
fecal pollution and for direct detection by molecular methods. In addition, there is a substantial
amount of genetic diversity among different members of the group. This diversity has allowed
researchers to identify host-specific markers that can be used to distinguish between different
sources of fecal contamination. Bernhard and Field were the first to identify host-specific
Bacteroides-Prevotella 16S rDNA markers for humans and cows (Bernhard and Field, 2000). The
Bacteroidales PCR method has made it relatively fast and easy to identify these sources of fecal
pollution. However, the results from these testing procedures are typically non-quantitative and
there is uncertainty regarding the relationship to regulated fecal indicator bacteria (FIB). This
would be the main disadvantage of using any library independent markers other than traditional
fecal indicator bacteria enumeration. Since regulations are currently based on fecal indicator
bacteria, library independent BST markers must be correlated with conventional FIB in order for
them to be most useful (Field and Samadpour, 2007). There is also a lack of standardized
protocols. In recent years, several published studies have used the Bacteroidales PCR assay for
source tracking with favorable results. Although these published studies showed tremendous
promise for Bacteroidales PCR the methods have not always performed well in other laboratories.
In particular, there are significant differences in PCR annealing temperatures and cycling
conditions, even from the same researchers, in published studies (Casarez et al, 2007a). If these
9

host-specific markers are going to be used in water quality studies the results have to be robust,
meaning they must be reproducible by other laboratories.
1.5

CONVENTIONAL PCR AND REAL-TIME PCR

For years, the polymerase chain reaction (PCR) has been used to amplify and quantify
pieces of DNA (Van De Werfhorst, 2011). With source tracking, early applications of PCR were
presence/absence tests and not quantitative assays. Real-time PCR (RT-PCR) has become more
popular and is identical to traditional PCR except researchers can monitor the PCR in real time
using a fluorescent based assay. One of the reasons this method is so popular is because it is highly
sequence specific, however, it is expensive and requires specialized equipment. Real-time PCR
allows researchers to amplify and simultaneously characterize the amplified DNA (PCR products or
amplicons). Some variations of RT-PCR also allow the quantification of targeted DNA sequences
(Life Technologies Corporation, 2013).
Another new technology that is being used to detect variants in DNA sequences is high
resolution melt analysis (HRM). DNA dyes and improved instrumentation have significantly
increased the sensitivity and specificity of RT-PCR, but with HRM analysis researchers can
measure the amount of fluorescence and plot these measurements as a graph showing the level of
fluorescence vs. temperature to precisely determine PCR amplicons melt temperatures (Tm) and
characteristics. The temperature that the amplicon melts at depends on the sequence of DNA bases.
As a result, if there is DNA sequence variation among amplicons then this will change the
temperature at which the DNA strands melt apart and two different melt curves will be observed
(Wittwer, 2003).

10

In recent years the use of RT-PCR and HRM for host-specific molecular markers, especially
those for Bacteroidales 16S rRNA, has increased (Kildare, 2007; Seurinck, 2005). A study
conducted by Wade et al. (2010) used PCR to analyze the association between fecal indicator
bacteria and gastrointestinal (GI) illness. This study revealed that there is a correlation between
total Enteroccocus spp. and total Bacteroidales spp. with GI illness. This is an important finding
because it demonstrates that rapid, molecular methods such as PCR are a sensitive marker for poor
water quality and concern for public health (Wade, 2010). However, a better understanding of
these assays is needed to avoid costly management decisions based on inaccurate water quality
data.
1.6

SPECIFICITY OF HOST SPECIFIC MARKERS

The use of host specific markers has made it fast and easy to identify certain sources of fecal
pollution. Waters contaminated with fecal matter pose a serious threat to public health. For this
reason, distinguishing between human and animal fecal pollution is imperative in order for water
quality managers to develop effective remediation plans. But, as stated earlier, there are questions
regarding the specificity of these markers. Testing of the human, ruminant and hog markers have
shown a specificity of 90% or greater. However, despite these promising results some unusual
circumstances have been encountered. For example, amplification of non-target animal groups has
been observed with some primer sets, especially the CF128 ruminant primer. Cross reactivity in
reactions with the CF128 forward primer and fecal specimens from hogs has been observed. The
use of the HF183 human specific primer has also resulted in a few false positives with animal
groups such as whitetail deer and rabbit. MST has the potential to be an efficient diagnostic tool for
identifying sources of fecal pollution. However, in order for this technology to become effective the
11

issues of optimization and cross-reactivity have to be addressed. A comparison study that identifies
similarities and differences of source samples that are known to cross-react with each other would
help to determine usability of MST data.
Identifying Bacteroidales found in human and bovine sources had been the focus of
previous research studies, and some studies also included swine and equine sources (Jeter, 2009).
There has been characterization of Bacteroidales in other host sources such as dogs, cats, elk, geese,
horses, pigs, and seagulls. These studies have provided insight into the population structure of
Bacteroidales, but in most studies only a limited number of samples were tested, which has
prevented a thorough assessment of the potential usefulness and limitations of Bacteriodales
markers of fecal pollution (Jeter, 2009).
There have been several studies that have identified cross-reactivity of the human
Bacteroidales PCR marker. A study by Harwood et al. (2009) which tested 316 samples, found that
the human HF183 Bacteroidales assay was 96% specific, but cross-reacted with 10% of dog and
some chicken samples (Harwood 2009). Another study by McQuaig et al. (2009), found the
human HF183 associated Bacteroidales assay cross-reacted with a cat fecal sample, as well as 14
(out of 55) dog fecal samples. Using DNA sequence alignment Kildare et al. (2007) found
conserved regions in Bactoroidales isolates and was able to develop new universal and human
specific Bactoroidales assays. In this study the new human Bacteroidales assay was found to be
67% accurate with human fecal samples (18 samples tested). The researchers of this study also
point out that this finding was important for environmental samples because human fecal
contamination in watersheds is most likely from mixed-human fecal input, such as sewage
overflows, rather than from individual human input. With Kildare's assay, it was found that 13% of
canine samples (1 of 8) also tested positive for the human specific marker (Kildare, 2007). A recent
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study by Shanks et al. (2010) evaluated the performance of different human associated
Bacteroidales PCR based assays, which included conventional PCR and quantitative PCR (qPCR)
(Table 1). Out of all the assays tested, the HF183 human Bacteroidales PCR assay yielded the
highest specificity and its prevalence in sewage was 100%. The HF183 human Bacteroidales
qPCR assay also exhibited very high levels of performance. Although no assay was 100% specific
for human feces, all of the assays tested demonstrated a specificity level of ≥90%. This study
indicates that the HF183 human Bacteroidales PCR assay is a reliable assay for detecting human
fecal pollution in watershed. It was also observed in this study that there are multiple assays that
are highly specific for detecting human fecal pollution.
From these studies, it is clear that human markers are fairly reliable, but caution should be
taken if they are used as the sole identifier of human fecal pollution. Currently there are no PCRbased methods that are 100% specific to humans (Shanks, 2009). It appears that pets and animals
that share similar digestive physiologies, such as dogs and pigs, are the most problematic when it
comes to cross-reactivity with the human marker. Because of this cross-reactivity there is still
uncertainty about how to interpret data generated using this marker. This is of concern because a
variety of human pathogens are found in human sewage which poses the greatest risk to human
health.
Swine-associated PCR-based methods targeting members of the Bacteroidales order (i.e.,
Prevotella species) and methanogen populations were first proposed by Dick et al. (2005) to
differentiate swine fecal pollution from other fecal pollution contributors, such as human, cattle,
and wildlife (Lamendella, 2009). Since this time, several other Bacteroidales PCR primers
targeting swine have been developed; however, few studies have been conducted on the specificity
and reliability of the PF163 Bacteroidales PCR assay.
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Table 1: Descriptions of primer and probe sequences for human Bacteroidales PCR-based assays
(Shanks, 2010).

A study by Lamendella et al. (2009) evaluated the applicability of available swine-targeted
PCR assays including the PF163 Bacteroidales PCR marker (Table 2). This study found that the
assays targeting Prevotella populations, including PF163, were more frequently detected in swine
fecal pollution than did the methanogen-based assays. However, these Prevotella-targeted assays
did cross-react with nontarget fecal sources, questioning their value as reliable assays (Table 3).
For example, it was observed that the PF163 Bacteroidales PCR marker cross-reacted with 3 out of
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10 human fecal samples. Even though a small number of human fecal samples tested positive with
the PF163 Bacteroidales PCR marker these types of results indicate that false positive results can
be encountered and lead to inaccurate study results.
The PF163 Bacteroidales PCR marker is a very promising target in detecting swine fecal
pollution. However, there have been no studies conducted on the detection of feral hog using the
PF163 Bacteroidales PCR assay. Studies of Texas watersheds have shown that the primary cause of
watershed impairment is wildlife (Farnleitner, 2011). One particular wildlife concern for Texas is
feral hogs because it has been shown that natural waters are becoming contaminated with feces
from feral hogs, which poses a significant risk to human health (Mapston, 2004). Therefore,
understanding the specificity and reliability of swine specific markers would not only provide an
additional method for detecting specific fecal pollution sources but would also lead to novel targets
for future method development.
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Table 2: Description of primers for swine-associated PCR based assays (Lamendella et al. 2009).

Table 3: Specificity of swine-associated PCR markers using known fecal samples (Lamendella et
al. 2009).
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1.7

ERIC-PCR

The structures of bacterial genomes have been well studied and found to contain numerous
families of short interspersed repetitive sequences that are about 30-150 bp in length (Wilson and
Sharp, 2006). However, little is known about the function of these elements. These repetitive
sequences have been found in single or related species of bacteria, while other species appear to not
have these sequences. It has been reported that these repetitive elements act as binding sites for
proteins, including DNA polymerase and DNA gyrase (Gilson, 1990). But it is still not completely
clear what their function is and it is possible that some of these sequences are nonfunctional.
Enterobacterial repetitive intergenic consensus (ERIC) sequences, also known as intergenic
repetitive units, were initially found in Escherichia coli and Salmonella enterica serovar
Typhimurium (Hulton, 1991). It is now known that these repeats are distributed across a wider
range of bacterial species. These ERIC sequence have been found in palindromes of 127 bp
(Ramazanzadeh, 2013) and shorter and longer ERIC sequences, due to insertions and deletions,
have been described by other researchers (Sharp, 1997). It is also important to note that ERIC
sequences have been found only in intergenic regions within transcribed regions (Hulton, 1991).
ERIC elements share a high degree of sequence similarity (> 60%) and possess several invariant
nucleotides in the central inverted repeat and in the region downstream of the ERIC2 primer site
(Hulton, 1991).
Versalovic et al. (1991) demonstrated that by using PCR primers complementary to ERIC
sequences demonstrated that a complex amplification pattern, or fingerprint pattern of PCR bands,
could be generated. ERIC PCR has been used extensively for the comparison of bacterial isolates.
This is done by using enterobacterial repetitive intergenic consensus polymerase chain reaction
(ERIC-PCR) analysis of E. coli, which is a library-dependent method that uses genetic fingerprints
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to compare differences in bacterial compositions of mixed bacterial strains in order to characterize
the physiological traits of micro-organisms (Wang, 2009; Di Giovanni, 1999).

Although the

ERIC-PCR fingerprinting method is now widely used for typing purposes, there is a lack of
information about the nature of the amplified products in most species. It is not known whether the
amplification of PCR fragments is due to specific priming at ERIC sites or to randomly distributed
ERIC-like sequences within the genome. Despite these questions, potential fecal pollution sources
can be determined with this assay. ERIC-PCR fingerprints are unique to the genome of the strain
used for amplification due to the tremendous diversity of bacterial genomic DNA. However, this
testing method relies on development of a reference library of target strains of fecal indicator
bacteria from suspected human and animal sources. The genetic fingerprints of target strains are
then compared with the reference library to identify likely sources of pollution (EPA, 2005). This
library dependent method is time consuming and relatively expensive when compared to library
independent methods.
Even though this method has been used in BST to identify potential pollution sources, little
is known about the characteristics of the PCR products from the fingerprint patterns generated by
ERIC-PCR. It is not clear whether these products contain meaningful sequences that can be used as
molecular markers. A study by Wang et al. screened fragments from ERIC-PCR amplicons and
was able to design high-specificity primers (Wang, 2009). By comparing fingerprint patterns
between human and animal fecal DNA and identifying dissimilar bands, there is a possibility that a
diagnostic DNA sequences can be identified. Analysis of these bands would enable researchers to
design methods to accurately identify pollution sources from wildlife and humans. This type of
study would be beneficial due to the fact that no E. coli library independent methods (similar to
those for Bacteroidales) exist; and, E. coli is the regulatory standard for inland freshwaters.
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1.8

SPECIFIC AIMS

The principle objectives of this proposal are to 1) characterize amplicons obtained from
cross-reacting animal fecal DNA using primers CF128 (ruminant) and HF183(human) to evaluate
the ability to distinguish cross-reactors and for the possibility of developing more specific primers
or probes; 2) validate the use of a modified pig/hog PF163 PCR assay for the detection of feral hogs
in Texas and determine if a primer or probe can be developed that specifically targets feral hogs;
and, 3) determine if specific ERIC PCR products can be used to differentiate E. coli derived from
humans and animals. The proposed activities are outlined below and include:
1. Characterize amplicons from animal fecal DNA which cross-reacted with the Human HF183
marker using High Resolution Melt (HRM) analysis followed by DNA sequence analysis.
Perform similar analyses on water sample DNAs which tested positive for the human HF183
marker despite the absence of identifiable human pollution; and,
2. Evaluate modified hog PF163 PCR protocol for the detection of pigs/swine and feral hogs using
fecal DNA samples collected from several locations in Texas and elsewhere. HRM, sequence
analysis and real-time PCR (RT-PCR) will be used to determine if a primer or probe that will
specifically identify feral hogs can be designed;

3. Analyze DNA sequences of ERIC-PCR amplicons from human and animal-specific E. coli in an
attempt to identify genetic targets which may be used as library-independent tools to
differentiate human and animal derived E. coli.
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1.9

SIGNIFICANCE OF RESEARCH
Fecal contamination of a watershed can originate from many possible sources. In Texas

feral hogs present a significant threat to the environment. Not only are they a threat to agriculture
but also to surrounding watersheds (Taylor, 2003). According to the Texas A&M Cooperative
Extension, feral hogs are domestic hogs that have escaped or been released into the wild and with
each generation the animals' domestic characteristics diminish as they develop the traits necessary
to survive in the wild (Mapston, 2004). Research has been done on possible pollution from pig
farming, which led to the development of different primers for swine (PF163, PigBac1f, and
PigBac1r) (Lamendella, 2009). However, there has been limited research conducted on fecal
pollution from feral hogs. Currently we have been evaluating the use of a modified PCR with the
PF163 hog primer for the detection of both domestic and feral hogs. Comparing genetic sequences
of domestic and feral hog DNA could provide information needed to optimize the current primer or
possibly develop a primer specific to feral hogs. This type of study will contribute to a better
understanding of the molecular diversity of fecal bacteria (Lamendella, 2011). This will also
benefit BST to help improve knowledge about fecal contamination sources in specific watersheds.
Potential fecal pollution sources can also be determined using ERIC-PCR analysis of E.
coli. Even though this approach has been used in BST to identify potential pollution sources, little
is known about the characteristics of the PCR products from the fingerprint patterns generated by
ERIC-PCR. It is not clear whether these products contain meaningful sequences that can be used as
molecular markers. However, studies have shown that fragments from the ERIC-PCR amplicon
can be used to design high-specificity primers (Wang, 2009). By comparing fingerprint patterns
between human and animal fecal DNA and identifying dissimilar bands, there is a possibility that a
functionally important DNA sequence could be identified. Analysis of these bands would enable
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researchers to design methods to accurately identify pollution sources from wildlife and humans.
This type of study would be beneficial due to the fact that no E. coli library independent methods
(similar to those for Bacteroidales) exist; and, E. coli is the regulatory standard for inland
freshwaters.
Understanding the molecular diversity involving cross-reactivity, wildlife, genetic
sequences, and persistence is clearly needed for BST to become an efficient and reliable tool to
identify fecal pollution. This information would also provide additional technologies for
confirming specific fecal pollution sources. Finally, this research will likely provide information
that will be useful for future BST method refinement.
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Chapter 2: Specificity of the HF183 Bacteroidales Human Specific Marker
Cross-Reacting Fecal DNA and Application of RT-PCR Technology

INTRODUCTION
Total and fecal coliforms have traditionally been widely used to assess microbial water
quality. Recreational water quality is based on the fecal indicator bacterium E. coli. However, E. coli
not only inhabits the intestines of humans but also the intestines of most warm-blooded animals
(USEPA, 2012). Its presence in water indicates fecal contamination and a potential health risk. But
because this indicator organism can come from different hosts its effectiveness to predict the presence
of human or animal waste and their risk to human health has been limited (Scott, 2002). In recent
years, Bacteroidales has been used to develop host-specific markers that can distinguish between
different sources of fecal contamination.
Currently, federally regulated fecal detection methods rely on fecal bacteria concentrations
as an indicator of the possible presence of pathogens in surface waters (USEPA, 2003). But, fecal
indicator counts do not discriminate between different animal sources (Gormelon, 2007; Shanks,
2006). The Bacteroidales PCR assay is an emerging methodology for microbial source tracking.
Microbial source tracking techniques (MST) have been developed to discriminate between human
and nonhuman sources of fecal contamination and to distinguish contamination from different
animal species. PCR primers targeting universal Bacteroidales and host specific Bacteroidales
(human-, ruminant-, and hog-associated feces) have been designed (Gourmelon, 2007). We have
been using the Bacteroidales PCR assay on water and fecal samples from two different geographic
locations within the state of Texas.
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Buck Creek is a small water body located within a subwatershed. Small streams within this
region are typically characterized by widely varying flows and high levels of dissolved salts,
generally originating from saltwater seeps and springs. Buck Creek is situated within a
predominantly rural and agricultural landscape in the panhandle region of Texas. Land use in the
watershed is predominantly row crops and grasslands. During periods of rainfall, bacteria (E. coli,
specifically) originating from aquatic birds and mammals, livestock, wildlife, inadequately treated
sewage, and/or failing septic systems may be washed into the streams and have the potential to
impede recreational use of the water body (TSSWCB, 2003).
Lake Granbury is a critical water supply located in North Texas that provides water for more
than 250,000 people in more than 15 cities. It is also the source of cooling water for a natural gasfired steam electric power plant and a nuclear power plant. In addition to municipal and industrial
uses, the lake serves as a recreational area for tourists and residents. Contamination in several areas
of the lake by fecal coliform bacteria, particularly in coves with residential areas using septic
systems, has been detected (TWRI, 2009). This area does have housing developments that are
densely populated with some developments as close as 30 feet from the watershed. Agricultural
runoff, wildlife, and pet waste also have an impact on the watershed.
Both of these sites are heavily impacted by agricultural runoff and wildlife and have had
specific sites along the watershed test positive for the PF163 hog marker. Due to the fact that both
of these watersheds are not in close proximity to hog lots, this could indicate that feral hogs are
impacting both watersheds. Also, feral hogs have the potential to spread diseases that affect people,
pets and livestock (Zeiler, 2007).
Ideally, MST markers should be specific to its target host but this is not always the case.
Based on prior studies the reported specificity for three of the established markers is: Human
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(HF183) – 86%, cross-reactivity 3%; Ruminant – CF128 98%, cross-reactivity 11%; Hog – (PF163)
91%, cross reactivity for 12% (Di Giovanni, unpublished). Several studies of watersheds have been
done using these primer sets. Buck Creek watershed sanitary surveys suggested the primary cause of
impairment was wildlife (Farnleitner, 2011). Preliminary observation supported this suggestion
because there was very limited direct human influence around the watershed. Water samples and
known source samples were collected and tested using standardized PCR for Bacteroidales and other
BST tools. As expected, the Bacteroidales PCR revealed that the prominent source of pollution was
wildlife. We found that most of the pollution was originating from ruminants and feral hogs; but,
there were a small percentage of samples that did test positive for the human marker. Further
analysis revealed that the ruminant does cross-reacted with some domestic pig and feral hog fecal
samples, but this still did not explain the presence of the HF183 marker in the absence of human
pollution. Further analysis by our laboratory revealed that the human marker (HF183), in addition to
being detected in human sewage/septic samples, was also detected in badger and porcupine.
Therefore, one explanation for these results is that wildlife derived bacteria are being identified as
human derived bacteria (Farnleitner, 2011).
This type of phenomenon was observed at Lake Granbury, in which it was believed that
pollution was originating from domestic sewage (Farnleitner, 2011). Again, preliminary observation
supported this suggestion because the watershed was surrounded by housing that relied upon septic
systems. However, after testing with Bacteroidales PCR none of the samples tested were positive for
the human marker. All samples from this particular watershed were positive for the ruminant marker.
Although there were some identified cattle sources in the watershed the lack of human marker was
unexpected because of the observed direct human influence on the watershed (Farnleitner, 2011). As
we observed with Buck Creek, the HF183 marker cross-reacted with wildlife fecal samples that
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included coyote, raccoon, deer, and rabbit. The data obtained from Buck Creek and Lake Granbury
indicates that there needs to be a clearer understanding of the HF183 marker.
While the Bacteroidales PCR assay has many benefits, the two Texas watershed studies
indicate that amplification of non-target animal groups is being observed with the human specific
primer set. The purpose of this study is to determine if the amplicons from these cross reactions are
similar or different in sequence, which would help ascertain the usability of BST data. We
currently have 93 known source samples and environmental water samples from the two Texas
watershed studies that tested positive for the HF183 human marker which we suspect are due to
cross-reactors. Preliminary data observed from sequencing of five wildlife source samples, that
tested positive for the human marker, revealed that they all had sequences that matched bacterial
isolates from human feces. These preliminary results from BLAST (Basic Local Alignment Search
Tool) (NCBI, 2012) searches indicated that the amplicons from the cross reactions were similar;
therefore, the objective of this study will be to use real-time PCR to amplify a region of interest
using established primer sets. Once the PCR process is completed, we can then use HRM analysis.
HRM analysis allows researchers to measure the amount of fluorescence from replicated DNA;
these measurements are then plotted as a graph showing the level of fluorescence vs. temperature to
precisely determine PCR amplicons melt temperatures (Tm) and characteristics. The temperature
that the amplicon melts at depends on the sequence of DNA bases. As a result, if there is DNA
sequence variation among amplicons then this will change the temperature at which the DNA
strands melt apart and two different melt curves will be observed (Wittwer, 2003). Using samples
that were collected from the Texas watershed studies; we will be able to characterize amplicons of
source samples that were found to cross-react with the Human HF183 marker. The results from
HRM analysis will help identify variance among amplicons and with this we can sequence these
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alongside amplicons from host-source samples. We will them perform similar analyses on water
sample DNAs which tested positive for the human HF183 marker despite the absence of
identifiable human pollution. The data obtained from sequencing of these products will provide the
basis for developing a primer or probe that will help identify if a molecular marker can be
developed.
MATERIALS AND METHODS
Site Description and Sample Collection
Samples were collected from three different sites in this study to represent different
geographical locations. Lake Granbury is located near Fort Worth, Texas and serves an urban
population with high-density housing that relies on septic systems. Buck Creek is located in the
panhandle of Texas and is primarily a rural and agricultural watershed. Samples from West Virginia
were collected from wastewater treatment plants and sent to us by colleagues from the area. To
determine similarities and differences of amplicons from theses samples that tested positive for the
HF183 marker, wastewater and fecal samples (n = 93) were collected from target and nontarget host
groups (Table 1). The target host group consisted mainly of composite human wastewater from
sewage treatment plants (STPs). Composite human wastewater samples (n =24) were collected from
STPs that serve urban populations. In addition, environmental water samples (n=54) were collected
from 2 different geographical locations. Individual wildlife and domestic animal samples (n =15)
were also collected from different locations (n=2). A fresh animal fecal sample (approx. 200 mg)
was collected from the fresh defecation of individual animals with sterile fecal collection tubes,
transported on ice to the laboratory, stored at 4°C, and processed.
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Environmental water samples were collected at a volume of 100 mL and transported on ice
back to the laboratory for processing within 6 hours of sample collection and were filtered through
0.2 µm pore size Supor-200 filters. The filtrate was discarded and the filter was placed into a prelabeled sterile 15 ml tube using ethanol-flamed forceps and aseptic technique. Following this, 500 µl
of guanidine isothiocyanate (GITC) lysis buffer was added to each 15 ml tube with the filter and
stored at -80°C.
Table 4: Source, number and location of samples collected
Source
Water
Badger
Porcupine
Water
Deer
Rabbit
Coyote
Raccoon
Effluent
Septage
Septage

No. of Samples
35
2
3
19
1
5
3
1
2
14
8

Location
Buck Creek
Buck Creek
Buck Creek
Lake Granbury
Lake Granbury
Lake Granbury
Lake Granbury
Lake Granbury
Lake Granbury
Lake Granbury
West Virginia

93

Total

DNA EXTRACTION
DNA was extracted from the water concentrates using the QIAamp DNA mini kit (Qiagen,
Valencia, CA). The QIAamp DNA Stool Mini Kit (Qiagen, Valencia, CA) was used to extract DNA
from approximately 200 mg of feces from each individual animal. Extracted DNA samples were
stored at −80°C until processed.
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PCR ASSAYS
Real-time PCR was performed using previously published primers and cycling parameters.
The HF183 markers were amplified by using a forward primer (5′-ATC ATG AGT TCA CAT GTC
CCG-3′) and a Bac708 reverse primer (5′-CAA TCG GAG TTC TTC GTG-3′) (Bernhard and Field
2000). PCR amplifications were performed in 50-μl reaction mixtures using 1X SYBR Green PCR
buffer without magnesium (ABI, Foster City, CA), 200 nM concentrations of each primer (Life
Technologies, Grand Island, NY), 200 µM concentrations of each deoxynucleoside triphosphate (GE
Healthcare Biosciences, Piscataway, NJ), 2.5 units of Taq polymerase (ABI, Foster City, CA), 1.5
µg/µl bovine serum albumin, and 2 µM MgCl2 (ABI, Foster City, CA). Reactions were carried out for
40 cycles at 95°C for 30 sec, 60°C for 60 s, and 72°C for 1 min. This was followed by a 0.1 fine
resolution melt analysis. The PCR and melt analysis were performed using the RotorGene 6000
(Qiagen, Valencia, CA). The amplified PCR product was purified using a QIAquick PCR
purification kit or the QIAquick Gel Extraction kit (Qiagen, Valencia, CA). DNA sequencing was
carried out at SeqWright, (Houston, TX). DNA sequences were analyzed using Kodon (Applied
Maths, Houston, TX).
RESULTS
Specificity of the HF183 human marker
The HF183 marker appears to be very specific for both environmental water and known
source fecal samples. The conventional HF183 PCR assay detected 100% of treated wastewater and
environmental water samples (which were unspiked field samples); however, the SYBR HF183 assay
did not detect the marker in all samples (Table 5). It is important to note that these samples had been
frozen and thawed several times; as a result, there could have been some DNA degradation over time.
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Cross-reactivity was observed with 17 wildlife samples using the SYBR HF183 PCR assay; even
though this is a small subset of samples this data raises questions regarding the specificity of the
HF183 marker. However, 100% of treated wastewater samples tested positive with the conventional
HF183 PCR assay as well as with the SYBR HF183 assay. Sequence analysis and comparison of
known source samples and environmental water samples will be needed to determine if these crossreactors contain human associated Bacteroidales. As a result, further testing of environmental
samples is needed to determine true source of fecal contamination.
Table 5: Percent positive PCR Bacteroidales results using specific markers on fecal and water
samples.

General
Bacteroidales
(Bac 32)

Human
Bacteroidales
(HF183)

Fecal Type (origin)
Environmental Water
(Buck Creek)
100% (35/35)
100% (35/35)
Wildlife (Buck Creek)
100% (4/4)
100% (5/5)
Environmental Water
(Lake Granbury)
100% (19/19)
100% (19/19)
Wildlife (Lake
Granbury)
100% (12/12)
100% (12/12)
Effluent
100% (1/1)
100% (1/1)
Treated Wastewater
(Lake Granbury)
100 % (14/14) 100% (14/14)
*Identified HF183 cross-reacting wildlife

Human
Bacteroidales
SYBR (HF183)

Hog
Bacteroidales
(PF163)

Ruminant
Bacteroidales
(CF128)

91% (32/35)
100% (5/5)

57% (20/35)
0% (0/5)

80% (28/35)
0% (0/5)

53% (10/19)

58% (11/19)

58% (11/19)

100% (12/12)
100% (1/1)

0 % (0/12)
100% (0/1)

0% (12/12)
0% (0/1)

100% (14/14)

79% (11/14)

0% (0/14)

RT-PCR and HRM
Analysis of the HF183 peak profiles for this set of samples produced two distinct peaks for
both water and fecal samples (Figure 2). Overall, all the patterns appeared similar and this can be
seen when observing the peak melt temperatures. Analysis using the RotorGene software revealed
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that the peak melt temperatures for Bin 1 (peak 1) had an average Tm (melt temperature) of 81.36 and
a standard deviation of 0.25. The second distinct peak or Bin 2 had an average Tm of 83.05 and a
standard deviation of 0.13 (Figure 2). From the melt temperature data, it is clear that all the samples
whether they are from water or known fecal sources appear to be very similar.

Figure 2: High resolution melt analysis of Bacteroidales human marker HF183 amplicons.

A more in depth analysis of the HRM curves was conducted which focused on the shapes of
the melt curves. A human septic control sample was set as the baseline and the other samples were
then compared to it (Figure 3). While some of the samples appeared to be similar others were clearly
different, with one sample (#41) calculated to be 44% similar to the other samples. However after
analysis of the DNA sequences it was observed that the sequences were very similar to the other
isolates (Figure 4). The differences may be due to normalization (different amounts of product) or
DNA sequence differences. Ideally each sample should have the same amount of product; however,
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with environmental samples some kind of normalization is needed. These data indicated that there
may be DNA sequence variation between our samples, but DNA sequencing would be the ultimate
indicator of sequence variation.

No. Colour Name

Genotype

Confidence %

12

BC-11-121307

Variation

80.20

17

BC05-091408

Variation

85.39

35

BC11-120208

Variation

44.30

41

Porcupine #2B

Human source 99.06

43

LG101408-1 Septic Human source 100.00

Figure 3: HRM genotype characterization of HF183 Bacteroidales human marker amplicons.
Baseline control was set to a human septic (sewage) sample. Three samples (#12, #17,
and #35) are environmental water samples and one sample (#41) is a wildlife sample.
DNA Sequencing
The DNA sequences of all samples was analyzed and found to be very similar (Figure 4).
The majority of our samples clustered together and had very little sequence variation. Those samples
that were calculated to be 80% similar to each other based on HRM (from Figure 2) had identical
sequences. The dendrogram presented in Figure 4 indicates that there is some DNA sequence
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variation with a handful of samples. However, further analysis and examination of the sequence
alignment revealed that the sequences were very similar (Figure 5). The dendrogram also illustrates
that the wildlife cross-reactor sequences are in fact identical to human fecal sample sequences as well
as the environmental water samples. When the DNA sequence alignment was performed on the
cross-reactors they were found to be indistinguishable from each other.
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Figure 4: Comparison of HF183 Bacteroidales human marker DNA sequences from human fecal
samples, cross-reacting animal samples, and water samples. Scale is nucleotide
differences per 100 bases.
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*
**

Figure 5: Comparison of HF183 Bacteroidales human marker from a select sample set of human
fecal samples, cross-reacting animal samples, and water samples. Arrow indicates DNA
sequence similarity between a water sample and a cross-reacting animal sample. (*water
sample; **cross-reacting animal sample)

DISCUSSION
Human fecal pollution of watersheds is a major concern for water quality managers due to
possible public health concerns. Identifying the source of fecal pollution is critical in developing
appropriate remediation and protection plans. MST host specific markers show great potential in
identifying sources of pollution, but cross-reactivity has been observed and may lead to inaccurate
data interpretation. Recently, improved MST methods have explored using Bacteroidales hostspecific markers. One of the more popular methods is RT-PCR and HRM. In this study, we used
RT-PCR and HRM analysis with the HF183 human marker. The goal was to identify similarities and
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differences among samples that cross-reacted with this marker with the potential of developing a
primer or probe that would differentiate these cross-reactors. The data analyzed in this study utilizing
RT-PCR and HRM revealed that this assay does have a purpose and does yield valuable data. This
indicates that rapid, molecular tools can be used for preliminary analysis of DNA sequences with
reliability. However, a similarity threshold needs to be established in order to observe true sequence
differences between samples. Developing this threshold will be critical so that DNA sequence
differences are not confused with the amount of PCR product.
There have been some studies done on the cross-reactivity of Bacteroidales host-specific
markers, but very few have looked at the DNA sequences of these cross-reactors. Previous studies
have shown that wildlife is a significant contributor to fecal pollution of impaired watersheds.
Therefore, analyzing wildlife fecal samples that cross-reacted with the HF183 human marker is
needed to provide a better understanding of the HF183 Bacteroidales PCR assay. There have been
few studies that have focused on this issue and no studies have been conducted on DNA sequence
similarity of HF183 cross-reacting samples. As a result, questions still remain on the usability and
accuracy of this assay. We looked at 93 water samples and fecal samples from 3 different locations
that tested positive for the HF183 marker. It was observed that the DNA sequences of these crossreactors are highly conserved. The environmental water samples all appear to be similar, but the fecal
samples from wildlife sources that tested positive for the HF183 marker are also identical. This is of
concern when performing water quality studies because false positives may be encountered. Because
the DNA sequences from both water and known fecal samples appear to be the same, this could lead
to false positives when testing for human fecal pollution in watersheds. If this is the case, it would be
recommended that wildlife fecal surveys be conducted when cross-reactors are encountered. Also,
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because the sequences are highly conserved future research would be needed to determine if there are
other targets that may be used for more specific target development to identify human fecal pollution.
CONCLUSION
The results of this study indicate human associated Bacteroidales is found in the digestive
tracts of different animals. This may confound BST results, leading to poor or ineffective
management strategies. While the data presented here indicate that a primer or probe could not be
developed to distinguish between HF183 cross-reactors, the information is useful because it provides
valuable DNA sequence data on cross-reacting animal samples. It is clear that when HF183 positives
are encountered under unexpected circumstances further investigation will be needed. There are
several studies that have investigated that specificity of the HF183 PCR assay, although very few
have analyzed the DNA sequences of cross-reacting animal samples. As a result, there was no clear
understanding cross-reactivity with specific host markers particularly the HF183 human marker. In
the future, a different marker for human Bacteroidales could be investigated. It was also illustrated
that RT-PCR and HRM analysis is a very promising tool in MST. Rapid, molecular methods are a
useful tool for preliminary DNA analysis. These types of rapid assays not only save time and money,
but could lead to the identification of novel methods. This study suggests that continued
development of RT-PCR and Bacteroidales host-specific markers could lead to very promising tools
that would enhance regular testing methods of impaired surface and recreational waters.
Even though this study revealed that it is not possible to distinguish HF183 amplicons from
humans and cross-reacting animal samples, the data reveals a clear need to utilize wildlife surveys
and testing of scat samples for the HF183 marker before any watershed remediation decisions are
made. This study also observed that rapid, molecular tools, such as RT-PCR and HRM are very
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valuable for preliminary characterization on amplicons. Amplicons with variable sequences will
likely appear very different from melt profiles of other samples. This will save researchers time and
could lead to novel approaches in amplicon characterization. Finally, it was revealed that if crossreactor sources are found in a study area other MST tools may be needed.
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Chapter 3: Characterization and Assessment of a Bacteroidales PCR Assay for
the Detection of Feral Hog Fecal Pollution

INTRODUCTION
The distribution of feral hogs in the United States has significantly increased during the past
three decades. In 1982, 17 states reported feral hogs in 475 counties; but by 2004, 28 states reported
feral hogs in 1,014 counties. Furthermore, it has been observed that the distribution of feral hogs in
the United States is no longer limited to southern states. In 2008 it was reported that 61 Michigan
counties have feral hogs and isolated populations have been observed in Iowa, Nebraska, New
York, Pennsylvania, and Wisconsin (Campbell and Corn, 2008).
According to the Texas Department of Agriculture, Texas has the largest feral hog
population in the United States with nearly 2 million hogs inhabiting various regions of the state
(LaFlure, 2009). There are few inhibiting factors to slow population growth and distribution. Feral
hogs prefer to inhabit bottomlands such as rivers, creeks, and drainages. The main concern with
feral hogs is that they compete directly with livestock, game, and nongame wildlife species for
food. However, most of the damage caused by feral hogs is due to indirect destruction of habitat
and agriculture. Damage to agricultural crops, fields, livestock feeding, and watering facilities, is
caused by excessive rooting and trampling for food. These hogs also destabilize wetland areas,
springs, creeks, and tanks by excessive rooting and wallowing (Taylor, 2003). It is estimated that
about $51.7 million in damage every year is due to the feral hogs (Weber, 2009). However, land
damage is not the only issue of concern. Due to the fact that feral hogs prefer bottomlands, there is
concern that natural waters are becoming contaminated with feces from feral hogs, which poses a
significant risk to human health.
38

Given that hogs spend considerable time in aquatic habitats (Mersinger and Silvy, 2007) and
appear to contribute E. coli into streams, it is necessary to develop or refine the Bacteroidales
PF163 hog marker to differentiate domestic hog from feral hog. This poses a more challenging
situation because feral hogs are domestic hogs that have adapted to the wild. Therefore, the gut of
each is the same and the only difference between the two is diet. Preliminary data shows PF163
does detect domestic hog with great specificity, but it also detects feral hog as well. However,
evaluation and validation of a feral hog primer has not been studied. A possible reason for this is
that both animals are hogs and sequencing of the gut bacteria may result in exact copies of each
other. But since this type of work has not been published there is no definite answer to this
question.
We have been using the Bacteroidales PF163 swine PCR assay on water and fecal samples
from two different geographic locations within the state of Texas, Lake Granbury and Buck Creek.
Both sites were studied due to the fact that both of these sites are heavily impacted by agricultural
runoff and wildlife and have had specific sites along the watershed test positive for the PF163 swine
marker set. Due to the fact that both of these watersheds are not in close proximity to hog lots, this
could indicate that feral hogs are impacting both watersheds. Also, wild hogs have the potential to
spread diseases that affect people, pets and livestock (Zeiler, 2007).
Currently, federally regulated fecal detection methods rely on fecal bacteria concentrations
as an indicator of the possible presence of pathogens in surface waters (USEPA, 2003). Although
MST methods can discriminate between human and nonhuman sources of fecal contamination, it
cannot distinguish between domestic and feral hog. Despite cross-reactivity observed in previous
studies, there has been no observed cross-reactivity with the PF 163 swine specific primer set
indicating it is very specific. Utilizing the PF183 Bacteroidales swine forward marker which was
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developed for swine/domestic pigs, we observed fecal pollution from hogs in known source samples
as well as in various watershed samples (Bernhard and Field, 2000, Dick and Field, 2004). While
the Bacteroidales PCR assay has many benefits, the amplification of non-target animal groups has
been observed with some primer sets. For example, the use of the HF183 human specific marker
has resulted in a few false positives with animal groups such as whitetail deer and rabbit (see
Chapter 2). However, despite these cross-reactions with the HF183 human marker there has been
no observed cross-reactivity with the PF163 swine marker. Given the excellent specificity of the
PF163 swine marker, it was our aim to determine if the assay could be modified to detect feral hog
fecal pollution. In addition, we wanted to evaluate the possibility of developing a feral hog specific
primer to differentiate between feral and domestic pigs.
MATERIALS AND METHODS
Site Description and Sample Collection
Feral hog, domestic pig samples, and populations of animals were collected from 9 different
sites in this study to represent different geographical locations. Lake Granbury is located near Fort
Worth, Texas and serves an urban population with high-density housing that relies on septic
systems. Buck Creek located in the panhandle of Texas is primarily a rural and agricultural
watershed. Lampasas is a predominantly rural and agricultural landscape. Land use within the
watershed is dominated by rangeland and grasslands. The Leon watershed is located in a rural area
supporting rangeland and row crop agriculture. Forests cover a sizable area and dairy production
exists in the northern portion of the watershed. Samples collected from Sinton, Texas came from
Welder Wildlife Refuge which is a wildlife management and conservation refuge and cattle
operation. Fecal samples from West Virginia and Sierra Blanca, Texas were collected from known
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sources and sent to us by colleagues from the area. To determine similarities and differences of
amplicons from samples that tested positive for the PF163 hog marker, fecal samples and
environmental water samples (n =126) were collected from target and nontarget host groups (Table
3). The target host group consists mainly of individual wildlife and domestic animals (feral and
domestic pigs). A fresh animal fecal sample (approx. 200 mg) was collected from the fresh
defecation of individual animals with sterile fecal collection tubes, transported on ice to the
laboratory, stored at 4°C, and processed. We also had composite human wastewater from sewage
treatment plants (STPs) that tested positive for the PF163 marker. Composite human wastewater
samples (n =3) were collected from STPs that serve urban populations. In addition, environmental
water samples (n=10) were collected from 2 different geographical locations.
Environmental water samples were collected at a volume of 100 mL and transported on ice
back to the laboratory for processing within 6 hours of sample collection and were filtered through
0.2 µm pore size Supor-200 filters. The filtrate was discarded and the filter was into a pre-labeled
sterile 15 ml tube using ethanol-flamed forceps and aseptic technique. Following this, 500 µl of
guanidine isothiocyanate (GITC) lysis buffer was added to each 15 ml tube with filter and stored at
-80°C.

41

Table 6: Source, number and location of samples collected
Location
Buck Creek
Lake Granbury
Sinton, TX
Las Cruces, NM
Lampasas
Watershed
Leon Watershed
Fort Hood, TX
Sierra Blanca, TX
West Virginia
Total

No. Feral Hog
22
7
18
0

No Domestic Pig
3
6
0
4

No. Water Samples
7
3
0
0

No. Treated Sewage
0
3
0
0

11
26
5
0
0

0
0
0
1
10

0
0
0
0
0

0
0
0
0
0

89

24

10

0

DNA EXTRACTION
DNA was extracted from the water concentrates using QIAamp DNA mini kit (Qiagen,
Valencia, CA). QIAamp DNA Stool Mini Kit (Qiagen, Valencia, CA) was used to extract DNA
from approximately 200 mg of feces from each individual animal. Extracted DNA samples were
stored at −80°C until processed.
PCR ASSAYS
Real-time PCR was performed using previously published primers with modified cycling
parameters. PF163 markers were amplified by using a forward primer (5′-GCG GAT TAA TAC
CGT ATG A-3′) and a Bac708 reverse primer (5′-CAA TCG GAG TTC TTC GTG-3′) (Dick et al.
2005, AEM). PCR amplifications were performed in 50-μl reaction mixtures using 1X SYBR Green
PCR buffer without magnesium (ABI, Foster City, CA), 200 nM concentrations of each primer
(Life Technologies, Grand Island, NY), 200 µM concentrations of each deoxynucleoside
triphosphate (GE Healthcare Biosciences, Piscataway, NJ), 2.5 units of Taq polymerase (ABI,
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Foster City, CA), 1.5 µg/µl bovine serum albumin, and 2 µM MgCl2 (ABI, Foster City, CA).
Reactions were carried out for 40 cycles at 95°C for 30 sec, 53°C for 60 s, and 72°C for 1 min.
This was followed by a 0.1 fine resolution melt analysis. The PCR and melt analysis were
performed using the RotorGene 6000 (Qiagen Valencia, CA). The PCR-amplified product was
purified using a QIAquick PCR purification kit or the QIAquick Gel Extraction kit (Qiagen,
Valencia, CA). DNA sequencing was carried out at SeqWright, (Houston, TX). DNA sequences
were analyzed using Kodon (Applied Maths, Houston, TX).
RESULTS
Specificity of the modified Bacteroidales PF163 SYBR PCR assay
The PF163 hog marker appears to be very specific for both domestic and feral hogs. All
feral hog and domestic pig samples, except for three, tested positive with the modified PF163 hog
SYBR RT-PCR assay (Table 7). Environmental water samples tested using the modified PF163
swine SYBR RT-PCR assay all tested positive. We did not observe any cross-reactivity with
known fecal samples using this marker. Treated wastewater samples all tested positive with the
modified PF163 swine SYBR RT-PCR assay as well, indicating that there may be a small amount
of cross-reactivity. Despite the three treated wastewater samples that cross-reacted with the PF163
hog marker this data indicates the modified PF163 swine SYBR RT-PCR assay is reliable and
accurate.
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Table 7: Percent positive Bacteroidales PCR results using specific markers on fecal and water
samples.

Fecal Type (origin)
Domestic Pig (Buck Creek)
Domestic Pig (NM)
Domestic Pig (WV)
Domestic Pig (Lake Granbury)
Domestic Pig (Sierra Blanca)
Feral Hog (Buck Creek)
Feral Hog (Sinton)
Feral Hog (Lake Granbury)
Feral Hog (Lampasas)
Feral Hog (Leon)
Surface Water (Buck Creek)
Surface Water (Lake
Granbury)
Treated Sewage (Lake
Granbury)

General
Bacteroidales
(Bac32F)
100% (3/3)
100% (4/4)
NT**
100% (6/6)
100% (1/1)
100% (22/22)
100% (18/18)
100% (7/7)
100% (11/11)
100% (26/26)
100% (7/7)

Hog
Hog
Bacteroidales
Bacteroidales
SYBR
(PF163F)
(PF163F)
100% (3/3)
100% (3/3)
100% (4/4)
100% (4/4)
100% (10/10) 100% (10/10)
100 % (6/6)
100 % (6/6)
100% (1/1)
100% (1/1)
95% (21/22)
95% (21/22)
100% (18/18) 100% (18/18)
100% (7/7)
100% (7/7)
NT**
91% (10/11)
NT**
100% (26/26)
100% (7/7)
100% (7/7)

Human
Bacteroidales
(PF163F)
0% (0/3)
0% (0/4)
NT**
0% (0/6)
NT**
5% (1/22)
NT**
0% (0/7)
NT**
NT**
43% (3/7)

Ruminant
Bacteroidales
(CF128F)
33% (1/3)
50% (2/4)
NT**
83% (5/6)
NT**
14% (3/22)
53% (8/15)*
86% (6/7)
NT**
NT**
100% (7/7)

100% (3/3)

100% (3/3)

100% (3/3)

0% (0/3)

33% (1/3)

100 % (3/3)
*3 samples were not tested
** Not Tested

100% (3/3)

100% (3/3)

100% (3/3)

33% (1/3)

RT-PCR and HRM analysis
Analysis of the PF163 HRM peak profiles, for known source samples produced one distinct
peak for both water and fecal samples (Figure 6). Overall, all the patterns appeared similar and can
be seen when observing the peak melt temperatures. Analysis using the RotorGene software
revealed that the peak melt temperatures for Bin 1 (peak 1) had an average Tm (melt temperature)
of 81.36 and a standard deviation of 0.25. From the melt temperature data, PF163 amplicons from
feral and domestic pig fecal samples appeared to be very similar (Figure 7). Analysis of
environmental water samples revealed that there was more sequence variation. One distinct peak
was produced but there was a more significant difference in Tm. The average Tm for select
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samples was 84.18 with a standard deviation of 0.55, indicating that these samples may have
different DNA sequences.

No. Colour Name

Genotype Pea

1.20

26

TG121708-1 Feral Hog

84.6

44

JSD 44 Domestic Pig

84.9

47

JSD 47 Domestic Pig

84.9

52

BC100308-2 Feral Hog

84.8

61

LG092508-13 Feral Hog

84.7
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Figure 6: High resolution melt analysis of Bacteroidales hog marker PF163 amplicons.
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Figure 7: High resolution melt analysis of Bacteroidales hog marker PF163 amplicons with melt
temperature data.

A more in depth analysis using the RotorGene software examined the shape. A subset of
samples was selected and compared to a known feral hog fecal sample that had good amplification
and a typical shaped melt curve. This control was set as the baseline so that the other samples were
then compared to it (Figure 8). When the similarities of each sample were compared to the others
one domestic pig sample (JSD 47) and our baseline feral hog sample (TG121708-1) were found to
be 100% similar. It is also worth noting, that based on these similarities two feral hog samples
(BC100308-2 and LG092508-13) were identified as domestic pig. The differences may be due to
normalization (different amounts of product) or DNA sequence differences. Ideally each sample
should have the same amount of product; however, with environmental samples some kind of
normalization is needed. This indicated, based on melt analysis only, that DNA sequences of feral
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hogs and domestic pigs were very similar. The same procedure was followed for our
environmental water samples; however, there were no similarities between the curves that could be
found. This data suggests that there is DNA sequence variation between these samples, but DNA
sequencing was required.
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Confidence %

8
26

TG121708-1 Feral Hog Feral Hog

7

44

JSD 44 Domestic Pig

Domestic Pig 82.10

6
47

JSD 47 Domestic Pig
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52
5

BC100308-2 Feral Hog Domestic Pig 70.19
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LG092508-13 Feral Hog Domestic Pig 90.89

100.00

3

2

1

0

-1

-2

-3

-4

-5

-6

-7

-8

-9

-10
76.0

76.5

77.0

77.5

78.0

78.5

79.0

79.5

80.0

80.5

81.0

81.5

82.0
ºC

82.5

83.0

83.5

84.0

84.5

85.0

85.5

86.0

86.5

87.0

87.5

88.0

Figure 8: HRM genotype characterization of PF163 Bacteroidales hog marker amplicons. Baseline
control was set to a domestic pig sample.
DNA Sequencing
The DNA sequences of all domestic pig and feral hog fecal samples, environmental water
samples, and treated wastewater samples were analyzed and compared (Figure 9). The majority of
the samples clustered together and had very little sequence variation. Those samples that were
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calculated to be 70% similar to each other (from Figure 7) were in fact very similar to other isolates
after further evaluation. The dendrogram presented in Figure 8 indicates that there is very little
sequence variation between feral and domestic pigs. We did observe that the samples tended to
group together based on geographic location. It was also noted that surface water samples and a
treated sewage sample were clustered with the known fecal samples. To enhance our comparison
105 samples that had been sequenced by Lamendella et al. (2009) were added to our database
(Table 5). Most of the variation was noted with environmental water samples and water samples
from the Lamendella data set (sequences from groundwater, freshwater streams, and swine manure
pit/lagoons). However, in the comparison some swine manure pit samples and pig feces were
clustered among these environmental waters indicating that the Bacteroidales from these samples
were similar and likely from hogs (Figure 10).

48

Domestic Pig

Feral Hog

Domestic Pig

49

Treated Wastewater

Figure 9: Comparison of PF163 Bacteroidales hog marker DNA sequences from domestic pig and
feral hog fecal samples, environmental water samples, and treated wastewater samples
from Texas watersheds. Scale is nucleotide differences per 100 bases.
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Table 8: Source and location of Lamendella et al. samples added to our DNA sequencing
comparison.
Sample Type
Swine Manure Pit
Pig Feces
Groundwater
Lagoon
Freshwater Stream
Swine Water Lagoon
Total

Location
Loudonville, Ohio
23
0
0
0
40
0
63
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Illinois
0
9
24
5
0
4
42

UPGMA

20

18

16

14

12

10

8

6

4

2

KW
DE
OS
ID
AC
Comparison
Groups

Field 01

Field 02

Field 03

Field 15
04
05
06
07
08
09
10
11
12
13
14

BC01
T G121708_11
T G121708_7
BC100308_2
JM04
JSD_43
VW03
VW04
BC13_100708
VW04
JSD_45
ENV.
BC100308_3
BC100308_7
BC1107_1F
BC1107_1J
LG092508_12
LG092508_13
LNF_579
LNF_580
BC1107_1G
BC1107_1I
T G121708_15
LG_A_AMUD_1
LG10809_8
JM01
JM02
JSD 41
LG092508_14
LG092508_16
LG092508_17
LNF_568
LPF_563
LPF_566
T G121708_17
PD02
PD03
PD04
T G121708_21
T G121708_3
T G121708_1
LG092508_09
LNF_292
LNF_575
LNF_576
LNF_578
LNF_581
LPF_567
T G121708_12
LNF_269
LNF_589
LNF_590
LNF_591
BC11_091408
LNF_536
CW120111
JSD_42
JSD_46
JSD_50
JSD_49
JSD_48
JSD_47
JM03
ENV.
LNF_208
LNF_295
LNF_533
LNF_577
ENV.
ENV.
ENV.
BC02
BC100308_4

BC01
T G121708_11
T G121708_7
BC100308_2
JM04
JSD_43
VW03
VW04
BC13_100708
VW04
JSD_45
Lamendella
BC100308_3
BC100308_7
BC1107_1F
BC1107_1J
LG092508_12
LG092508_13
LNF_579
LNF_580
BC1107_1G
BC1107_1I
T G121708_15
LG_A_AMUD_1
LG10809_8
JM01
JM02
JSD 41
LG092508_14
LG092508_16
LG092508_17
LNF_568
LPF_563
LPF_566
T G121708_17
PD02
PD03
PD04
T G121708_21
T G121708_3
T G121708_1
LG092508_09
LNF_292
LNF_575
LNF_576
LNF_578
LNF_581
LPF_567
T G121708_12
LNF_269
LNF_589
LNF_590
LNF_591
BC11_091408
LNF_536
CW120111
JSD_42
JSD_46
JSD_50
JSD_49
JSD_48
JSD_47
JM03
Lamendella
LNF_208
LNF_295
LNF_533
LNF_577
Lamendella
Lamendella
Lamendella
BC02
BC100308_4

feral hog
feral hog
feral hog
feral hog
domestic pig
domestic pig
feral hog
feral hog
Surface Water
feral hog
domestic pig
swine manure pit
feral hog
feral hog
feral hog
feral hog
feral hog
feral hog
feral hog
feral hog
feral hog
feral hog
feral hog
AMUD
domestic pig
domestic pig
domestic pig
domestic pig
feral hog
feral hog
feral hog
feral hog
feral hog
feral hog
feral hog
feral hog
feral hog
feral hog
feral hog
feral hog
feral hog
feral hog
feral hog
feral hog
feral hog
feral hog
feral hog
feral hog
feral hog
feral hog
feral hog
feral hog
feral hog
Surface Water
feral hog
domestic pig
domestic pig
domestic pig
domestic pig
domestic pig
domestic pig
domestic pig
domestic pig
swine maure pit
feral hog
feral hog
feral hog
feral hog
swine manure pit
pig feces
swine manure pit
feral hog
feral hog

Buck Creek
Sinton, T X
Sinton, T X
Buck Creek
Las Cruces, NM
West Virginia
Vernon Watershed (Buck Creek)
Vernon Watershed (Buck Creek)
Buck Creek
Vernon Watershed (Buck Creek)
West Virginia
Loudonville, Ohio
Buck Creek
Buck Creek
Buck Creek
Buck Creek
Lake Granbury
Lake Granbury
Leon
Leon
Buck Creek
Buck Creek
Sinton, T X
Lake Granbury
Lake Granbury
Las Cruces, NM
Las Cruces, NM
West Virginia
Lake Granbury
Lake Granbury
Lake Granbury
Leon
Lampasas
Lampasas
Sinton, T X
Buck Creek
Buck Creek
Buck Creek
Sinton, T X
Sinton, T X
Sinton, T X
Lake Granbury
Leon
Leon
Leon
Leon
Leon
Lampasas
Sinton, T X
Leon
Leon
Leon
Leon
Buck Creek
Leon
Sierra Blanca, T X
West Virginia
West Virginia
West Virginia
West Virginia
West Virginia
West Virginia
Las Cruces, NM
Loudonville, Ohio
Leon
Leon
Leon
Leon
Loudonville, Ohio
Loudonville, Ohio
Loudonville, Ohio
Buck Creek
Buck Creek

0

52

LNF_112
LNF_114
LNF_207
T G121708_9
ENV.
ENV.
T G121708_18
ENV.
ENV.
ENV.
LNF_203
LNF_204
LNF_205
LNF_206
BC100308_6
LG110907_17
T G080808_3
T G121708_16
LNF_569
T G080808_2
LNF_531
LNF_592
LNF_537
VW06
LNF_585
T G080808_1
VW05
VW07
ENV.
BC100308_1
BC100308_5
BC100308_8
JSD_44
ENV.
LG092508_15
T G121708_2
VW01
LPF_530
LNF_294
LNF_564
LNF_574
BC05_110707
LNF_586
T G121708_13
T G121708_14
T G121708_20
LG101408_5_AMUD
LG101408_6_AMUD
ENV.
ENV.
ENV.
ENV.
LPF_562
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.

LNF_112
feral hog
LNF_114
feral hog
LNF_207
feral hog
T G121708_9
feral hog
Lamendella
swine maure pit
Lamendella
groundwater
T G121708_18
feral hog
Lamendella
groundwater
Lamendella
groundwater
Lamendella
swine manure pit
LNF_203
feral hog
LNF_204
feral hog
LNF_205
feral hog
LNF_206
feral hog
BC100308_6
feral hog
LG110907_17
domestic pig
T G080808_3
feral hog
T G121708_16
feral hog
LNF_569
feral hog
T G080808_2
feral hog
LNF_531
feral hog
LNF_592
feral hog
LNF_537
feral hog
VW06
feral hog
LNF_585
feral hog
T G080808_1
feral hog
VW05
feral hog
VW07
feral hog
Lamendella
pig feces
BC100308_1
feral hog
BC100308_5
feral hog
BC100308_8
feral hog
JSD_44
domestic pig
Lamendella
swine maure pit
LG092508_15
feral hog
T G121708_2
feral hog
VW01
feral hog
LPF_530
feral hog
LNF_294
feral hog
LNF_564
feral hog
LNF_574
feral hog
BC05_110707
Surface Water
LNF_586
feral hog
T G121708_13
feral hog
T G121708_14
feral hog
T G121708_20
feral hog
LG101408_5_AMUDAMUD
LG101408_6_AMUDAMUD
Lamendella
swine manure pit
Lamendella
swine manure pit
Lamendella
pig feces
Lamendella
swine manure pit
LPF_562
feral hog
Lamendella
groundwater
Lamendella
lagoon
Lamendella
lagoon
Lamendella
lagoon
Lamendella
lagoon
Lamendella
freshwater stream
Lamendella
freshwater stream
Lamendella
freshwater stream
Lamendella
freshwater stream
Lamendella
freshwater stream
Lamendella
freshwater stream
Lamendella
freshwater stream
Lamendella
freshwater stream
Lamendella
freshwater stream
Lamendella
freshwater stream
Lamendella
freshwater stream
Lamendella
freshwater stream
Lamendella
freshwater stream
Lamendella
swine manure pit
Lamendella
groundwater
Lamendella
groundwater
Lamendella
groundwater
Lamendella
swine manure pit
Lamendella
pig feces
Lamendella
freshwater stream
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Leon
Leon
Leon
Sinton, T X
Loudonville, Ohio
Illinois
Sinton, T X
Illinois
Illinois
Loudonville, Ohio
Leon
Leon
Leon
Leon
Buck Creek
Lake Granbury
Sinton, T X
Sinton, T X
Leon
Sinton, T X
Leon
Leon
Leon
Vernon Watershed (Buck Creek)
Leon
Sinton, T X
Vernon Watershed (Buck Creek)
Vernon Watershed (Buck Creek)
Loudonville, Ohio
Buck Creek
Buck Creek
Buck Creek
West Virginia
Loudonville, Ohio
Lake Granbury
Sinton, T X
Vernon Watershed (Buck Creek)
Lampasas
Leon
Leon
Leon
Buck Creek
Leon
Sinton, T x
Sinton, T X
Sinton, T X
Lake Granbury
Lake Granbury
Loudonville, Ohio
Loudonville, Ohio
Loudonville, Ohio
Loudonville, Ohio
Lampasas
Illinois
Illinois
Illinois
Illinois
Illinois
Loudonville, Ohio
Loudonville, Ohio
Loudonville, Ohio
Loudonville, Ohio
Loudonville, Ohio
Loudonville, Ohio
Loudonville, Ohio
Loudonville, Ohio
Loudonville, Ohio
Loudonville, Ohio
Loudonville, Ohio
Loudonville, Ohio
Loudonville, Ohio
Loudonville, Ohio
Illinois
Illinois
Illinois
Loudonville, Ohio
Loudonville, Ohio
Loudonville, Ohio

ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
BC03_021209
BC05_120208
BC11_111108
LG18018_4
LG20215_5
LG18015FD_2
BC10A8_071407
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.
ENV.

Lamendella
Lamendella
Lamendella
Lamendella
Lamendella
Lamendella
Lamendella
Lamendella
Lamendella
Lamendella
Lamendella
Lamendella
Lamendella
Lamendella
Lamendella
Lamendella
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Figure 10: Comparison of PF163 Bacteroidales hog marker DNA sequences from domestic pig and
feral hog fecal samples, environmental water samples, and treated wastewater samples
with added samples from Lamendella, 2009. Scale is nucleotide differences per 100
bases.
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DISCUSSION
The population of feral hogs in the United States continues to rise. Given that hogs spend
considerable time in aquatic habitats (Mersinger and Silvy, 2007) and appear to contribute E. coli
into streams, it is necessary to develop or refine BST tools, preferably library independent PCR to
identify feral hog fecal pollution. Evaluation and validation of a feral hog PCR marker has not been
previously studied. A possible reason for this is that feral hogs are domestic pigs that have become
wild; therefore, sequencing of the gut bacteria may result in exact copies of each other. However,
since this type of work has not been published there is no definite answer to this question. This
study aimed at providing clarification to this question, are feral hog DNA sequences the same or
different when compared to domestic pig DNA sequences? Based on the data presented in this
study, it is clear that the PF163 pig marker is accurate when identifying feral hogs and domestic
pigs from known source samples. Also, the modified PF163 SYBR RT-PCR assay proved to be a
reliable and accurate assay with very little cross-reactivity. HRM and RT-PCR analysis also
revealed that these methods can be utilized to identify DNA sequence variation. However, a
similarity threshold needs to be established in order to observe true sequence differences between
samples. Developing this threshold will be critical so that DNA sequence differences are not
confused with the amount of PCR product. DNA sequence analysis of feral hogs and domestic pigs
revealed that the DNA sequences are mostly conserved; however, we did observe subclusters of
sequences for feral hogs and domestic pigs (Figure 9). This suggests that there may be some
differences in domestic pig and feral hog Bacteroidales from different animal populations. One
possibility is that some of the feral hog sequences, which were more abundant in this dataset, may
be used for specific feral hog targets but further research would be needed. When we added the
Lamendella samples to our comparison, we did observe sequence variation. Further analysis of
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these sequences revealed that there appeared to be possible targets for primer or probe development
(Figure 11). In the future a more specific hog primer could be developed for environmental water
samples which would be useful to validate the presence of hog fecal pollution.

Figure 11: Comparison of PF163 Bacteroidales hog marker from a select sample set of
environmental water samples. ENV=Lamendella sample, BC=Buck Creek water
sample, LG=Lake Granbury water sample.
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CONCLUSION
The results of this study indicate that the sequences of both feral hogs and domestic pigs are
highly conserved, but not identical. With the HF183 cross-reactor study it was observed with the
dendrogram comparison that wildlife fecal samples, cross-reacting animal samples, and water
samples were indistinguishable. This could be seen with the dendrogram comparison as well as
with the DNA sequence alignments. In this study, there may not have been significant sequence
variation between feral hogs and domestic pigs but the fact that there were subclusters indicate that
there could be possible targets for feral hog primer development. Also, when the Lamendella
samples were added to our comparison, there was significant sequence variation among the water
samples which also proved to be possible targets for primer development. Due to the fact that feral
hogs are domestic pigs that have gone wild and the fact that the digestive systems are similar, this
would explain why the sequences for domestic pigs and feral hogs are very similar (Taylor, 2003).
To date there are not many host-specific markers that can distinguish between animal groups and
this continues to be a limiting factor with this method. Because feral hogs are a problem across the
United States when samples test positive for the Bacteroidales PF163 swine marker a wildlife
survey would be needed to determine if feral hogs are contributing to the impairment of a
watershed. However, the PF163 swine marker does appear to be very specific and the modified
PF163 swine SYBR PCR assay appears to be very reliable in detecting feral hog fecal pollution.
However, since this assay also detects domestic pig fecal pollution wildlife surveys will need to be
conducted on the study area to ensure accurate results are obtained. If there are pig farms in the
study area it may be possible to characterize DNA sequences of domestic pigs from pig farms to
determine if they are different from feral hogs. Also, further analysis of the DNA sequence
variation observed with water samples and the feral hog subclusters could provide possible targets
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for a more specific hog primer. In the future, these sequences can be further analyzed to develop a
more specific primer for environmental samples. Even though host-specific markers are not able to
distinguish across animal groups, this type of study and further testing continue to validate current
MST methods.
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Chapter 4: ERIC-PCR amplicon characterization

INTRODUCTION
Enterobacterial repetitive intergenic consensus (ERIC) elements are repetitive sequence
elements in bacterial genomes. ERIC sequences are of interest because PCR primers targeting
these repetitive elements can be used to fingerprint bacterial genomes, particularly gram-negative
enterobacteria (Versalovic, 1991). The ERIC-PCR fingerprinting method is widely used for typing
purposes; however, there is a lack of information about the characteristics of the amplified products
(Wilson and Sharp, 2006). It is unclear if the amplification of PCR fragments is due to ERIC
sequences in the bacterial genome; or, is amplification due to priming at randomly distributed sites
that display weak similarity to ERIC primer sequences (Niemann, 1999). Also, agarose gel
electrophoresis is a convenient method that resolves mixed DNA fragments based on their size, but
DNA bands that are the same size may actually have different sequences. Because of this, analysis
of ERIC-PCR gels based on band position and intensity may overestimate the actual similarity
between samples.
E. coli strains are members of the human and animal gut’s natural flora. They are often
isolated from water sources contaminated by sewage outlets. The presence of E. coli in water is
used by agencies to determine water quality (Tsen, 1998). Epidemiological studies have shown that
there is a relation between the degree of fecal contamination and the risk of numerous diseases
(Baldy-Chuddzik K., 2003). Federal guidelines require the absence of E. coli in 100 ml of pool and
drinking water in order to be suitable for drinking (WHO, 2006). ERIC-PCR can differentiate
between related bacterial strains and has several advantages and disadvantages (Casarez E.A.,
2007b). It is a fast and simple technique, with low labor and consumable costs. The main
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disadvantage of the method is its low reproducibility (Meacham, 2003). However, ERIC-PCR is a
reliable genotyping method used widely for comparison and classification of strains of the same
kind, for genetic mapping, for diagnostic purposes, and for epidemiology.
ERIC-PCR is useful for generating species- or strain-specific fragments (Ye, 2008).
Although the comparison of ERIC-PCR fingerprints based on size differences can allow
discrimination of the genomic DNA composition of a bacterial community, the identification of
specific bacterium from a complex microbial community according to band sizes is problematic.
The main reason for this is that DNA fragments of the same size may have very divergent
sequences. In this study, we will analyze DNA sequences of ERIC-PCR amplicons from human
and animal-specific E. coli. which could lead to a simpler and straightforward method of identifying
potential sources of contamination of a watershed (Ye, 2008; Wei, 2004).
MATERIALS AND METHODS
Sample processing
E. coli from municipal wastewater treatment plant influent/effluent and household septage
samples, livestock, wildlife, and pet fecal samples were obtained from a various Texas watershed
studies. Known source samples were collected directly from the source animals. A fresh animal
fecal sample (approx. 200 mg) was collected from the fresh defecation of individual animal with
sterile fecal collection tubes, transported on ice to the laboratory, stored at 4°C and processed.
Samples were processed according to USEPA’s Method 1603 (modified mTEC) (USEPA 2002,
2005). Modified mTEC (BD, Franklin Lakes, NJ) media was prepared per label instructions.
Presumptive E. coli were isolated from feces and modified mTEC plates within 3 days of receipt at
the laboratory. Presumptive E. coli from domestic sewage modified mTEC plates were again
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streaked onto modified mTEC medium and were incubated for 24 hours. At least two attempts to
isolate E. coli were made before considering a source sample negative for E. coli. Red-magenta
colonies were considered typical E.coli on mTEC media. For each sample 3-5 isolates were
transferred onto NA-MUG (BD, Franklin Lakes, NJ) media as a secondary screen for βglucuronidase enzyme activity and culture purity. Isolates were preserved for long term storage in
tryptic soy broth with 20% glycerol and stored at -80°C. Additionally, cell suspensions of each
isolate were made using a 1µL loop of cells into 100µL of sterile molecular grade water for
downstream fingerprinting applications.
Fingerprinting
E. coli isolates were fingerprinted using the enterobacterial repetitive intergenic consensus
polymerase chain reaction (ERIC-PCR) (Versalovic, 1991). PCR conditions were previously
described by Casarez (2007b). Each 50µL reaction contained 1X PCR Buffer with 1.5 mM Mg
(final) (ABI, Foster City, CA), 200 µM each of dNTP (GE Healthcare Biosciences, Piscataway,
NJ), 600nM ERIC Primers 1R and 2 (Invitrogen, Carlsbad, CA), 1.5 µg/µl bovine serum albumin,
2.5 units AmpliTaq Gold (ABI, Foster City, CA), and 5µL of cell suspension (described above).
Thermocycling was conducted in an DNA Engine Dyad thermal cycler (BioRad, Hercules, CA)
under the following conditions: initial denaturation at 95°C for 10 min, followed by 35 cycles of
denaturation at 94°C for 30 s, annealing at 52°C for 1 min, and extension at 72°C for 5 min with a
final extension at 72°C for 10 min. Amplification products were stored at -20°C until analyzed by
agarose gel electrophoresis. PCR products were loaded onto a 2% agarose gel prepared with 1X
TBE buffer and a 30 tooth, 1mm thick comb (IBI Scientific, Peosta, IA). Electrophoresis occurred
in a cold storage room held at approximately 4°C for 1 hour at 100V followed by 4 hours at 200V
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with buffer recirculation beginning after the first hour. Each gel included a marker ladder (Roche
DNA Marker XIV) lane on the outside wells, as well as after every sixth sample. Additionally, a
no-template control and a quality control E. coli strain (ATCC 51739) were included in every gel to
ensure method reproducibility throughout the study. Gels were stained for 20 minutes in 1X TBE
buffer containing 0.5 µg/mL of ethidium bromide. Gel images were captured using a GelLogic 200
Imaging System (Kodak, Rochester, NY).
Fingerprint Processing
BioNumerics software (Applied Maths, Austin, TX) was used to analyze the ERIC-PCR and
RP fingerprints. ERIC-PCR fingerprint patterns were evaluated using curve-based Pearson’s
product-moment correlation coefficients. Dendrograms were constructed using the unweighted pair
group method with arithmetic mean values (UPGMA) using an 80% similarity cutoff. Any pattern
type or group whose composite similarity was equal to or greater than 80% was considered the
same genotype (Casarez, 2007b). Once dendrograms and pattern similarities were determined,
BioNumerics was also used to calculate community diversity indices.

Source Class Identifications Using the Texas E. coli BST Library
To identify sources of the E. coli, the fingerprints were queried against the Texas E. coli
BST Library (ver. 3-12; consisting of fingerprint patterns from 1,459 E. coli isolates from 1,285
different human and animal samples). The ERIC patterns were compared to the library using a best
match approach and an 80% similarity cutoff (Casarez 2007b). If a water isolate was not at least
80% similar to a library isolate, it was considered to be unidentified. Although fingerprint profiles
are considered a match to a single entry, identification is to the host source class, and not to the
individual animal represented by the best match. Water isolates were identified to domestic
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animals (including livestock and pets), domestic sewage and wildlife (three-way split) (Casarez,
2007b).

Cloning and sequencing of DNA fragments from signature bands
Gel slices containing ERIC-PCR amplicon bands of interest were excised and transferred
into sterile 1.5-ml Eppendorf tubes and DNA was purified with the QIAquick Gel Extraction kit
(Qiagen, Valencia, CA). The purified fragments were ligated with the pCR 2.1-TOPO vector from
the TOPO TA cloning kit (Invitrogen, Grand Island, NY) and transformed into chemically
competent One Shot E. coli cells. The transformants were plated on Luria–Bertani (LB) (BD,
Franklin Lakes, NJ) plates containing 50 µg/mL of kanamycin and 40 mg/mL of X-Gal (5-bromo4-chloro-3-indolyl-beta-D-galacto-pyranoside) in dimethylformamide (DMF). Three white, 2
white/blue colonies and 2 blue colonies were picked for each signature band, and screened with our
M13 PCR protocol. The plasmid in the TOPO TA cloning kit contains M13 forward and reverse
priming sites. This was used to design a PCR protocol to screen the clones obtained. Clones were
screened using the M13 Forward (-20) primer (5' GTA AAA CGA CGG CCA G) and the M13
Reverse primer (5' CAG GAA ACA GCT ATG AC). A 10 µL tip was used to pick part of an
individual colony and was resuspended in 5 µL of molecular grade water. Then a 50µL reaction
containing 1X PCR Buffer with 1.5 mM Mg (final) (ABI, Foster City, CA), 200 µM each of dNTP
(GE Healthcare Biosciences, Piscataway, NJ), 200nM M13 Primers forward and reverse
(Invitrogen, Grand Island, NY), 1.5 µg/µl bovine serum albumin, 2.5 units AmpliTaq Gold (ABI,
Foster City, CA), and 5µL of cell suspension (described above). Thermocycling was conducted in
an DNA Engine Dyad thermal cycler (BioRad, Hercules, CA) under the following conditions:
initial denaturation at 95°C for 10 min, followed by 45 cycles of denaturation at 95°C for 30 s,
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annealing at 55°C for 1 min, and extension at 72°C for 1 min with a final extension at 72°C for 10
min. Amplification products were stored at -20°C until analyzed by agarose gel electrophoresis.
RESULTS
A band comparison of all human isolates in our library was conducted using the Texas E.
coli BST Library ver. 3-12. The database contained a total of 1454 isolates of which 364 of those
are from known human sources. Isolates that matched 4 or more other E. coli isolates from known
human fecal sources were chosen for further analysis. A band matching comparison on these
isolates was done to see how similar they were to each other (Figure 12).

Figure 12: Comparison of ERIC-PCR fingerprints of E. coli isolates matching 4 or more other E.
coli isolates from known human fecal sources.

These selected isolates were re-cultured and ERIC-PCR was done a second time to verify banding
patterns. All of the isolates chosen did have the same or very similar banding patterns when
compared to the initial ERIC-PCR gels. The BioNumerics software is also able to locate individual
bands in each fingerprint and identify the size of each band. From the band comparison it was
observed that samples collected from the same geographic location tended to cluster together. Our
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goal was to find bands that were similar to all isolates and to pinpoint bands that were unique to
each isolate in the hope of developing a marker to distinguish between human and wildlife isolates.
It was observed with the ERIC-PCR gel that was re-done on selected isolates that lower molecular
weight (~450 bp) bands were the most similar and higher molecular weight bands tended to differ
among the isolates (Figure 13).

Bands selected for
purification

1. 100 bp Ladder; 2. Q0308-298-07B; 3. Q0308-298-07B (dup); 4. Q0308-298-08B; 5. Q0308-298-08B (dup); 6. Q0308-298-15C; 7.
Q0308-298-15C (dup); 8. Q0308-297-02A; 9. Q0308-297-02A (dup); 10. LG111908A3-09C; 11. LG111908A3-09C (dup); 12.
Q0308-263-11D; 13. Q0308-263-11D (dup); 14. S753-17A; 15. S753-17A (dup1); 16. S753-17A (dup2); 17. S753-17A (dup3); 18.
Q0308-300-02A; 19. Q0308-300-02A (dup1); 20. Q0308-300-02A (dup2); 21. QC101; 22. NTC; 23. 100 bp Ladder

Figure 13: ERIC-PCR agarose gel from E. coli isolates from known human sources.

This was an important observation for cloning purposes. Other studies have shown that the lower
molecular weight bands would clone with more ease than the higher molecular weight bands
(Lodish, 2000). However, it was observed that a significant amount of product was lost during
band purification (Figure 14).
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Purified bands from Figure 13
illustrating loss of product

1. 100 bp Ladder; 2. Q0308-298-07B; 3. Q0308-298-07B (dup); 4. Q0308-298-08B; 5. Q0308-298-08B (dup); 6. Q0308-298-15C; 7.
Q0308-298-15C (dup); 8. Q0308-297-02A; 9. Q0308-297-02A (dup); 10. LG111908A3-09C Band 1; 11. LG111908A3-09C Band 2;
12. LG111908A3-09C Band 1(dup); 13. LG111908A3-09C Band 2 (dup); 14. Q0308-263-11D; 15. Q0308-263-11D (dup); 16.
S753-17A; S753-17A (dup); 17. Q0308-300-02A Band 1; 18. Q0308-300-02A Band 2; 19. Q0308-300-02A Band 1 (dup); 20.
Q0308-300-02A Band 2 (dup); 21.100 bp Ladder

Figure 14: Band purification agarose gel from selected samples of E. coli isolates from known
human sources.

For this reason, we decided to use the higher molecular weight markers for cloning due to
the fact that there was more product present. After several attempts of unsuccessful cloning with
these bands, direct sequencing was used in the hope of getting a sequence that could be analyzed
and compared. This was also unsuccessful as we did not get any clean sequence reads. It was then
hypothesized that there may be multiple priming sites within the amplicons. This would explain
why our cloning and direct sequencing were unsuccessful. The amplicons that were used
previously for cloning were then reamplified and a second PCR was done using the ERIC primers.
Instead of using an ERIC primer mix, one individual primer (either forward or reverse) was used in
each PCR mix. Ideally we would have seen individual band for each of the primers that was used.
However, we observed multiple bands for each primer (Figure 15) illustrating that there were
indeed multiple priming sites in the amplicons.
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Figure 15: Reamplification of selected E. coli isolates from known human sources using ERIC
primer mix, ERIC1R and ERIC 2 primers.

A different approach was then used in an effort to obtain individual bands using the M13
PCR protocol. Since our isolates had been through ERIC-PCR the DNA was already cut into
pieces. Therefore, shotgun cloning was used. Shotgun cloning is a method to duplicate genomic
DNA using fragments of DNA that have already been cut into pieces. These fragments are then
taken together and cloned into a vector (Science Encyclopedia, 2013). We simply used the entire
PCR product from the reamplification PCR in Figure 4 and cloned directly into our chemically
competent E. coli cells. The same screening method described above was used and individual
bands were obtained with the M13 PCR protocol (Figure 16). Based on insert size (~201 bp), we
calculated which bands may have been cloned into our E. coli cells
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Figure 16: Clone screen using M13 PCR protocol on selected fragments from the reamplification of
selected E. coli isolates from known human sources.

Example A on the second gel appears to be about 650 bp, and if we look at the first gel there
is a band that appears to be 450 bp. Example B is about 350 and sample B on the first gel is about
150 bp. Example C is about 550 bp and on the first gel the band is about 350 bp. Using this
shotgun approach we were able to clone more isolates and obtain single banding patterns. We were
able to obtain 15 successful clones that ranged in size between 800 bp to 300 bp. These 15 samples
were then sent for sequencing which returned 13 successful reads. After analysis of the DNA
sequences it was observed that samples which were run in duplicate returned almost identical
sequence reads (Figure 17 and 18).
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Figure 17: DNA sequence alignment and comparison of two duplicate samples and one sample
from a different location that yielded nearly identical sequences.

Figure 18: DNA sequence alignment and comparison of two duplicate samples and one sample
from a different location. The two duplicate samples that yielded nearly identical
sequences while the third appears to be very different.
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However, it is interesting to note that the isolates in Figure 7 were white/blue indicating there was
some leaky expression. As a result, when performing a clone screen it will be important to screen
both white and white/blue colonies. This confirms that ERIC PCR produces reliable and
reproducible results. When all isolates were compared to each other there were no distinct
similarities, they all varied greatly in sequence (Figure 19).

Figure 19: DNA sequence comparison of all samples that yielded clean DNA sequences.

Sequences were then analyzed for the presence of the ERIC primers and it was noted that
most sequences began with the ERIC 1 reverse primer sequence and ended with the ERIC 2 reverse
complement. This indicated that our DNA fragment from our ERIC-PCR was indeed being cloned
into our vector. We also did a BLAST (Basic Local Alignment Search Tool) (NCBI, 2012) using
the consensus sequences from our isolates. It was observed that there were no reference sequences
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from the BLAST search that were 100% identical to the sequences we had obtained; however, our
sequences were 93-95% similar to the Escherichia coli W, complete genome. This could indicate
that there may be a cell function within the genome that the ERIC sequences are associated with.
Further research would be needed to identify what these similarities mean and if there is any
significance to them.
DNA sequence analysis revealed that there were no conserved regions in our 13 human
derived ERIC PCR fragments. The isolates selected and tested with ERIC-PCR had common
banding patterns at the 450 and 325 bp range that can be studied for possible primer or probe
development (Figure 2); however, our cloning analysis did not yield any bands of this size. We did
obtain 2 clones in the 450 bp range, but sequence analysis for both clones was unsuccessful and we
were not able to compare them. As a result, based on the data presented in this study at this point it
is not feasible to develop a primer or probe that would target human derived E. coli.
DISCUSSION
ERIC sequences are of interest because PCR primers targeting these repetitive elements can
be used to fingerprint bacterial genomes, particularly gram-negative enterobacteria (Versalovic,
1991). In regard to source tracking, an advantage of ERIC-PCR is that the labor and consumable
costs are low (Casarez, 2007a). The ERIC-PCR fingerprinting method is widely used for typing
purposes; however, there is a lack of information about the characteristics of the amplified products
(Wilson and Sharp, 2006). It is unclear if the amplification of PCR fragments is due to ERIC
sequences in the bacterial genome; or, if amplification due to priming at randomly distributed sites
that display weak similarity to ERIC primer sequences (Niemann, 1999). In this study, the ERICPCR fingerprinting technique was used to observe PCR fragments of E. coli collected from
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different watersheds in Texas and were identified as human specific strains. DNA sequence
analysis of 13 different PCR fragments specific for human derived E. coli revealed that ERIC-PCR
produces highly reproducible results. However, the isolates that were clone screened and found to
be identical in DNA sequence did have some leaky expression; therefore, when clone screening
colonies it will be important to test colonies with and without lac-Z expression. It was also
observed that purified products do indeed contain multiple priming sites. This is due to
hybridization of PCR primers to more than one position on the template DNA which leads to
multiple PCR products. This could be due to the structure of the fragment or our M13 PCR primer
because it has not been tested thoroughly for specificity. As a result, optimization or redesign of
the M13 PCR primer may be needed to for identification of a specific priming site.
Two different studies by Versalovic (1991) and Niemann (1999) observed that the ERIC2
PCR primer generated most of the DNA fragments in ERIC PCR. However, we observed
sequences beginning with the ERIC1 reverse sequence and ending with the ERIC2 reverse
complement. Further research would be needed to determine if sequences that are upstream or
further downstream are more conserved and possible targets for primer or probe development.
A BLAST search for the presence of ERIC elements found within our isolates was
performed and revealed that they were present in the E. coli W genome. The sequences were 9395% similar, with 1-10 differences in base pair alignment. We did not observe any conserved
regions in our 13 human derived ERIC PCR fragments. While we did find that our ERIC PCR
fragments were similar to the E. coli W genome, it is unclear what the role of these sequences is.
Some DNA bands can act as markers for potentially important populations that share similar
functional status (Wei, 2004); therefore, further studies on the relationship between homologous
sequences would be useful in further identifying possible primer or probe targets.
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CONCLUSION
Very few studies have been done to characterize the sequences of E. coli ERIC-PCR
amplicons. This project attempted to identify genetic targets that could differentiate human and
animal derived E. coli using ERIC-PCR amplicons. Two studies demonstrated that species-specific
primers could be developed from ERIC-PCR fragments (Alippi, 2004; Wei, 2004). Even though
the samples used in this study did not yield any information on possible target identification for
primer or probe development, some important observations were made regarding characterization
of ERIC-amplicons. Our analysis of duplicate samples revealed that their DNA sequences are
almost identical, indicating that ERIC-PCR does yield reproducible results. Also, from the multiple
priming sites that were revealed it became clear that refinement is needed for the M13 PCR
procedure which is the most feasible approach. Analysis using the BLAST tool identified several
bacterial strains that were 93-95% similar to our consensus sequences. Further analysis of these
sequences could provide insight into the function of these sequences. This would be an important
finding because these sequences could provide a basis for primer design. Finally, all of the
amplicons that were sequenced and analyzed using the BLAST tool were ≥93-95% similar to other
E. coli strains.
ERIC-PCR is a useful tool in fingerprinting bacterial genomes, there is still a lot to be
learned. Further analysis of the data provided here would lead to more insight on the
characterization of ERIC-amplicons. The genetic information encoded in these ERIC amplicons
could lead to the identification novel functional properties and development of future BST methods.
However, further optimization and sequence analysis is needed.
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Chapter 5: Summary and Future BST
Bacterial source tracking (BST) has been used in identifying sources of fecal contamination
in environmental water samples. In the U.S. the need for identifying sources of fecal pollution is a
priority. However, nonpoint sources (NPS) of pollution from agricultural activities, wildlife, and
human sources continue to pose challenges in controlling fecal pollution of watersheds. A key
component in effectively implementing a NPS pollution management program is the identification
and assessment of sources of bacterial contamination. Proper evaluation of these sources is needed
to develop best management practices. There are currently two approaches used in BST, library
dependent and library independent methods. Library-dependent bacterial source tracking methods
such as ERIC-PCR need large, diverse collections of E. coli isolates for the most reliable
identification of host sources of unknown water isolates in contaminated lake and rivers. The main
disadvantage of this method is the time and resources needed to create large source libraries for
every watershed. Library-independent source tracking methods have been developed as alternatives
to the library-dependent methods, and are a more rapid and cost-effective approach for assessment
of fecal pollution in source water. The Bacteroidales PCR method has shown great promise because
there is no need for culturing and it is a rapid detection method. However, there are only a few
markers that are currently available, with wildlife poorly represented. The studies in this
dissertation aimed at obtaining a better understanding of the molecular diversity involving crossreactivity, evaluating Bacteroidales host-specific PCR markers, and identifying genetic targets
which may be used as a library-independent tool to differentiate human and animal derived E. coli.
The data from this dissertation will be useful in providing information that will be useful for future
BST method refinement.
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In Chapter 2, we evaluated amplicons from animal fecal DNA which cross-reacted with the
Bacteroidales human HF183 marker. The importance of this study was to determine the
effectiveness of identifying human fecal pollution using the Bacteroidales human HF183 marker and
identifying the risk to human health. Previous studies had shown some cross-reactivity with wildlife
and domestic animals using this specific marker leading to concerns regarding the usability of this
marker. The DNA sequences that were analyzed in this study from cross-reactors and known source
samples were found to be highly conserved. The environmental water samples also appeared to be
similar to known source samples. What is more interesting is that the sequences from wildlife
sources that tested positive for the HF183 marker were also identical to those from our known human
source samples. Although encountering situations where wildlife cross-reacts with the Bacteroidales
human HF183 marker is unusual, it does raise concern regarding the application of this marker.
Therefore, it is highly recommended that wildlife fecal surveys and marker analyses be conducted in
certain cases.
Studies have shown that wildlife is a significant contributor to fecal pollution of watersheds,
especially in Texas (Casarez, 2007b; Vogel, 2007). However, there is a lack of Bacteroidales hostspecific markers that target wildlife. Markers are currently available for hog, ruminant and horse;
however, lack of specificity has limited their use is source tracking. For this reason, Chapter 3
focused on determining if the Bacteroidales PF163 swine PCR assay could be modified to detect
feral hog fecal pollution. In addition, we evaluated the possibility of developing a feral hog specific
marker to differentiate between feral and domestic pigs. Based on the data obtained it is clear that
the Bacteroidales PF163 swine marker and our modified assay can be used to identify pollution
from feral hogs. Even though this marker cannot currently distinguish between domestic pig and
feral hog fecal pollution, this is an important finding due to the lack of markers that target wildlife.
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It was also observed that the modified PF163SYBR RT-PCR assay proved to be a reliable and
accurate assay with very little cross-reactivity indicating that this rapid, molecular tool can be used
effectively to identify feral hog and domestic pig fecal pollution in watersheds. However, a
similarity threshold needs to be established in order to observe true sequence differences between
samples. Finally, we observed some DNA sequence variation when environmental water DNA
sequences were added to our comparison. This comparison revealed that there are possible targets
that may be used for future marker development. The data from this study and continued research
on development of wildlife specific markers will continue to validate current BST methods.
Finally, the research conducted in Chapter 4 evaluated the ERIC-PCR fingerprinting
method. ERIC-PCR is widely used for typing purposes; however, there is a lack of information
about the nature of the amplified products in most species. It was our aim to we will analyze DNA
sequences of ERIC-PCR amplicons from human and animal-specific E. coli which could lead to a
simpler and straightforward method of identifying potential sources of contamination of a
watershed. This section proved to be quite challenging, and even though the samples used in this
study did not yield any information on possible target identification for primer or probe
development, some important observations were made regarding characterization of ERICamplicons. First, it was observed that ERIC-PCR amplicons used in this study did contain multiple
priming sites. This was an important finding because no other studies have documented this
observation. Also, analysis of our consensus sequence revealed that there are several E. coli strains
that were 93-95% similar. Further analysis of these sequences could provide insight into the
function of these sequences. Future research of ERIC-PCR amplicons would prove to be very
useful simply because there is a lack of information on these amplified products. A clearer

76

understanding of these products could lead to the identification of novel functional properties and
development of future BST methods.
While BST continues to be a useful and promising tool for detecting sources of fecal
pollution, a better understanding of the molecular diversity of Bacteroidales in wildlife populations
is still needed to help address cross-reactivity issues. While data generated in the present research
have provided some useful insight, additional exploration is needed for the development of a library
independent E. coli method based on ERIC-PCR amplified DNA. Overall, the data presented in
this dissertation will help make BST a more efficient and reliable tool for identifying sources of
fecal pollution.
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